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Shear behaviour of rock discontinuities filled with weak layers plays a significant role in rock 
mass and mining stability. The water content and saturation conditions of the infill material 
can vary dramatically in the field. In fact, the infill material remains partially saturated in 
many cases. Compared with fully saturated conditions, the unsaturated infill material tends to 
increase the shear strength of the discontinuities. While researchers have attempted to study 
the shear behaviour of discontinuities filled with unsaturated materials, constant normal load 
boundary or triaxial conditions are usually adopted. However, the Constant Normal Stiffness 
(CNS) conditions are more realistic in many situations, especially in underground mining 
applications. In addition, the hydraulic/mechanical parameters of the infill material (i.e. void 
ratio, degree of saturation and matric suction) will vary during the discontinuity shear. Yet the 
shear strength models for the unsaturated-material-filled discontinuities proposed so far failed 
to capture these variations. Also, it is known that the infilled discontinuities have “two-stage” 
shear behaviour when the infill thickness to average asperity height ratio (t/a) is relatively low. 
While researchers and engineers are more focused on the behaviour after discontinuity 
asperities come to contact (i.e. “second stage”), the “first-stage” behaviour is more vital when 
the shear movement before asperities contact is large enough to cause engineering damage. 
Moreover, the infill lateral confinement conditions may significantly influence the infilled-
joint behaviour of direct shear tests. However, related studies are rare. 
In this research, A series of undrained CNS direct shear tests were performed to study the 
shear behaviour of unsaturated-material-filled discontinuities, with the infill water content 
ranging from 11% to 27.3%.Three levels of Joint Roughness Coefficient (JRC) (planar, JRC 
= 9, and JRC = 19) were selected to prepare discontinuities with the infill thickness to average 
asperity height ratio (t/a) of 0 (clean discontinuities), 0.25, 0.5 and 1. A constant normal 
stiffness of 7.2 kN/mm was applied to the normal boundary, with different initial normal 
stresses of 0.5 MPa, 1.0 MPa and 1.5 MPa. Experimental results show that with the increase 
of infill water content, both the peak shear stress and the peak normalised shear stress 
decrease. These two stress parameters also decrease with increase of t/a or the decrease of 
JRC or initial normal stress. However for discontinuities filled with highly unsaturated 
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material, the term “normalised shear stress” may not be appropriate to study the macro 
friction coefficient. 
A new shear strength model was then proposed, taking into account the mechanical behaviour 
of the unsaturated infill, the shear strength properties of both the discontinuity part and the 
unsaturated infill part, and also considers the CNS conditions. A parameter η related to infill 
void ratio and t/a was introduced into the Barton - Bandis criterion to consider the influence 
of infill layer on the discontinuity shear strength. The model shows good prediction of the 
experimental results for both clean and infilled discontinuities. 
Numerical simulations were conducted to investigate the “first-stage” shear behaviour of 
unsaturated-material-filled discontinuities. Modelling results indicate the necessity of porosity 
corrections for the water retention and permeability models in the software FLAC/Two-Phase 
flow model. Appropriate porosity correction times and shear velocity were selected for 
efficiency and simulating quasi-static shear, respectively. The influences of various 
parameters including the initial infill degree of saturation, physical shear rate, applied normal 
stress, t/a and JRC on the “first-stage” peak shear strength, dilation, and the mean values of 
both the effective stress and saturated mobility coefficient of the infill layer were investigated.  
The effects of various infill lateral confinement conditions on the discontinuity shear 
behaviour were then modelled in FLAC. It was found that the interface slip patterns, shear 
band distribution, and the variations of shear stress and lateral confining stresses, are all 
dependent on the selected lateral conditions. Several types of lateral confinement conditions 
were recommended to establish a stable model and prevent infill squeezing. 
Finally, the FLAC/Two-Phase flow model was employed to investigate the stability of 
underground roadways developed in an unsaturated coal seam. Modelling results indicate that 
the increase of the seam saturation reduces the roadway stability at atmospheric gas pressure 
condition. However, the existence of positive gas pressure significantly changes the pattern of 
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List of Names or Abbreviations 
 
A Arbitrary stress 
𝐴𝐸𝑉 Air entry value 
ALS Average lateral tress confined condition 
𝐴n Total area of the discontinuity 
𝐴1 Strength contribution of rock interface 
𝐴1𝑛 Strength contribution of rock interface for infilled discontinuities with an OCR of n 
𝐴2 Strength contribution of infill material 
𝐴2𝑛 Strength contribution of infill material for infilled discontinuities with an OCR of n 
a  Average asperity height 
avan Van Genuchten parameter 
𝑎𝐶  Soil parameter 
𝑎𝑓  Fourier coefficient 
𝑎𝑗  Contact area of the individual asperities 
𝑎0 Fourier coefficient 
𝑎1 Fitting parameter 
𝑎2 Fitting parameter 
b  Controlling parameter 
𝑏C  Soil parameter 
𝑏dry Controlling parameter for drying path 
bvan Van Genuchten parameter 
𝑏wet Controlling parameter for wetting path 
𝑏𝑓 Fourier coefficient 
CCS Constant lateral confining stiffness condition 
CH Clay of high plasticity in the Unified Soil Classification Systen (UCSC) 
CLS Constant lateral stress condition 
CNL Constant normal load 
CNS Constant normal stiffness 
CU Consolidated undrained triaxial test 
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CV Constant volume 
CW Constant water content 
𝑐  Cohesion 
𝑐m Total cohesion of the unsaturated soil obtained from a given direct shear test 
𝑐p Discontinuity cohesion exists under high normal stresses 
𝑐ult Total cohesion intercept when matric suction approaches infinity 
cvan Van Genuchten parameter 
𝑐0 Ratio of the shear displacement where dilation is assumed to begin over 𝑢p 
𝑐1 Decay constant 
𝑐2 Decay constant 
𝑐′ Effective cohesion under saturated condition 
𝑐𝑎
′  Effective soil adhesion 
𝐷 Height of the discontinuity sample 
d  Fitting parameter 
𝑑n
0 Geometrical component of the total friction angle 
𝑑n Discontinuity dilation angle 
(𝑑n)mob Mobilised dilation angle 
𝐸 Elastic modulus of the discontinuity sample 
𝐸r Young’s modulus of rock mass 
EGB Elastic Glued Blocks confined condition 
e  Void ratio 
𝑒c Infill void ratio at the moment of discontinuity asperity contact 
𝑒e Elastic volumetric strain 
𝑒e,large Approximate elastic volumetric strain at large strain mode in FLAC 
es Void ratio corresponding to a saturated state 
𝑒s
′ Void ratio of saturated soil at critical state 
𝑒v Total volumetric strain 
𝑒w Water ratio 
𝑒wm Microstructural water ratio 
e_plastic Accumulated plastic volumetric strain relating to the shear yield surface 
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FB Free boundary condition 
FLAC Fast lagrangian analysis of continua 
FLD Fixed lateral displacement condition 
FOS Factor of safety 
f  Harmonic numbers related to the accuracy of fitting 
𝑓𝑎  Cohesion reduction factor 
G Drained shear modulus 
𝐺s Specific gravity 
g  Fitting parameter 
g𝑖 Components of the gravity vector 
𝑔g  Gravitational acceleration 
HCT High capacity tensiometer 
h  Fitting parameter 
𝐼p Plasticity index 
IGLS Interfaces glued at lateral sides condition  
𝑖  Angle of waviness, or the asperity angle 
𝑖fill Slope angle of the sliding surface within the infill 
𝑖𝑗  Angle the individual asperities 
𝑖r Asperity angle at the tip 
𝑖𝑢 Dilation angle at the shear displacement u 
𝑖up Dilation angle corresponding to peak shear strength 
𝑖0 Roughness component of the total friction angle 
𝑖0 Initial dilation angle 
JCS Joint wall compressive strength 
𝐽𝐶𝑆n JCS value in a field scale 
𝐽𝐶𝑆0 JCS value in a laboratory scale 
JMC Joint matching coefficient 
JRC Joint roughness coefficient 
𝐽𝑅𝐶mob Mobilised joint roughness coefficient 
𝐽𝑅𝐶peak Joint roughness coefficient at peak 
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𝐽𝑅𝐶n JRC value in a filed scale 
𝐽𝑅𝐶0  JRC value in a laboratory scale 
JOC Joint over-closure parameter 
𝑗  Double-hardening parameter 
𝐾 Drained bulk modulus 
𝐾l Lateral stiffness 
𝐾n External normal boundary stiffness 
𝐾n,max Maximum boundary normal stiffness for a given rock mass 
𝐾w,𝐾g Fluid bulk modulus in terms of water and gas, respectively 
𝐾′ Apparent bulk modulus 
𝑘 Material constant 
𝑘2 Empirical constant 
𝑘n Normal stiffness of the rock discontinuity itself 
𝑘ni Initial normal stiffness of the discontinuity itself 
𝑘nn Partial derivative of 𝜎n with respect to 𝑣 
𝑘nt Partial derivative of 𝜎n with respect to 𝑢 
𝑘p Permeability 
𝑘s Shear stiffness 
ksat Saturated hydraulic conductivity 
𝑘tn Partial derivative of 𝜏 with respect to 𝑣 
𝑘tt Partial derivative of 𝜏 with respect to 𝑢 
𝑘w,𝑘g Saturated mobility coefficients for water and air, respectively. 
𝐿 Length of a rectangular jointed block 
𝐿𝐿 Liquid limit 
LSC Lateral stress confined conditions 
𝐿n Field size of the rock discontinuity 
𝐿z Smallest zone size in FLAC model 
𝐿0 Laboratory size of the rock discontinuity 
𝑙  Penetration 
M Damage coefficient 
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MEG Moving-side-glued elastic blocks 
[𝑀w] “Stiffness” matrix of the model zone in FLAC representing the saturated mobility 
coefficients 
M-C Mohr-Coulomb model 
m Number of segments of the dilation-shear displacemnt curve 
𝑚G Fitting parameter 
𝑚fill Infill mass needed for a given t/a 
𝑁 Normal force applied to the discontinuity surface 
𝑁gw Number of flow steps for each mechanical step in FLAC/Two-Phase flow model 
Np Porosity update times 
𝑁1−D Soil parameter 
NSD Normalised strength drop 
𝑛 Fitting parameter 
𝑛G Fitting parameter 
𝑛p Porosity 
𝑛dry Fitting parameter in the SWRC for the drying path 
𝑛wet Fitting parameter in the SWRC for the wetting path 
𝑛0 Initial porosity 
OCR Over consolidation ratio 
OMC Optimum moisture content for soil compaction 
𝑃0 Van Genuchten parameter 
PI Plastic index 
PL Plastic limit 
PP Normalised pore pressure (PP = 𝑃w + 𝑃g) 
𝑃c Maximum effective consolidation pressure in the history 
𝑃g Normalised pore gas pressure (𝑃g = (1 − 𝑆r)𝑢g) 
𝑃w Normalised pore water pressure (𝑃w = 𝑆r𝑢w) 
p  Pressure 




q  Van der Waal’s constant 
R Universal gas constant 
r  Van der Waal’s constant 
𝑆 Total shear resistance 
SEB Single-side-glued elastic blocks confined condition 
SRI Surface resistance index 
𝑆𝑅𝐼P Peak surface resistance index 
SWRC Soil-water retention curve 
SXX XX-component of total stress in FLAC 
SYY YY-component of total stress in FLAC 
SYY ZZ-component of total stress in FLAC 
𝑆A
0 Asperity failure component of the total friction angle 
𝑆e Effective degree of saturation 
Sr Degree of saturation 
Sr0 Initial degree of saturation 
𝑆rM Degree of saturation of the macropores 
Src Infill degree of saturation at the moment of discontinuity asperity contact 
𝑆r,res Residual degree of saturation 
𝑆1 Shear resistance component of external work done in dilating against external 
normal stress 
𝑆2 Shear resistance component of addition work done against internal friction due to 
dilatancy 
𝑆3 Shear resistance component of work done in friction if the sample did not change 
volume during shearing 
s Soil matric suction 
𝑠c Infill matric suction at the moment of discontinuity asperity contact 
𝑠𝑗 Projected length of chord j 
𝑠m Matric suction of the unsaturated soil with respect to a given direct shear test 
𝑇 Shear force applied to the discontinuity 
𝑇a Absolute temperature 
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𝑇𝑙  Tension limit 
𝑇𝑚 Tension 
𝑡  Infill thickness 
𝑡0 Initial infill thickness 
t/a Ratio of infill thickness to average asperity height 
(𝑡/𝑎)cr  Critical value of t/a 
(𝑡/𝑎)cr,𝑛 Critical value of t/a for infilled discontinuities under an OCR of n 
(𝑡/𝑎)cr,s Critical value of t/a at a given 𝑆r 
(𝑡/𝑎)oc,𝑛 Value of t/a for infilled discontinuities under an OCR of n 
(𝑡/𝑎)s Mean value of t/a at a given 𝑆r 
𝑈𝑖  Normal stress-dilation curve with respect to a given shear displacement of 𝑈𝑖 
UEB Unglued elastic blocks confined condition 
𝑢 Shear displacement 
𝑢g Pore gas pressure 
𝑢m Maximum shear displacement 
𝑢p Shear displacement corresponding to peak shear strength 
𝑢pn  Shear displacement corresponding to 𝑆𝑅𝐼p 
𝑢r Shear displacement corresponding to residual shear strength 
𝑢w Pore water pressure 
V Molar volume 
Va Applied velocity 
𝑉fill Volume of the infill after compaction 
𝑉m Maximum discontinuity closure 
𝑉n Nodal volume in FLAC 
𝑉0  Initial volume of the infill layer 
𝑣 Discontinuity dilation 
𝑣𝑖
∗ Normal displacement at a shear displacement of 𝑢𝑖  and a normal stress of 𝜎n𝑖+1 
𝑣𝑗  Vertical displacemnt of chord j 
?̇? Dilation rate 
?̇?peak Peak secant rate of dilation 
12 
 
𝑣𝑢 Discontinuity dilation with respect to the shear displacement at u 
𝑤 Gravimetric water content 
𝑋 Ratio of 𝑡/𝑎 to (𝑡/𝑎)cr 
𝑋oc,𝑛 Ratio of 𝑡/𝑎 to (𝑡/𝑎)cr under an OCR of n 
𝑋s Normalised infill thickness at a given degree of saturation 𝑆r 
y  Controlling parameter 
𝑦dry Controlling parameter for drying path 
𝑦wet Controlling parameter for wetting path 
𝑥𝑖  Components of the coordinate vector 
𝑧  Stress variable 
𝛼 Slope of the virgin compression curve 
𝛼a 𝐾 + 4𝐺/3 
𝛼b 𝐾 − 2𝐺/3 
𝛼C Soil parameter 
𝛼1 Fitting paramter 
𝛼2 Fitting paramter 
𝛼3 Fitting paramter 
𝛽 Discontinuity dip 
𝛽C Soil parameter 
𝛽coe Undrained coefficient 
𝛾 Ratio of sliding surface in contact with the rock asperity to the total length of 
sliding surface 
γs Physical shear rate 
Δ𝑒p Plastic change in void ratio from saturated to unsaturated state 
𝛥𝐾s Change in mechanical stiffness 
𝛥𝐿 Projected asperity length on the ascending side in the shear direction 
∆𝑆r Change in degree of saturation 
∆𝑡 Stable timestep in two-phase flow calculation in FLAC 
∆𝑢 Increment of shear displacement 
∆𝑢w Change in pore water pressure 
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∆𝑉 Volume change 
∆𝑣 Change in normal displacment 
𝛥𝑥 Mismatching length in the shear direction 
∆𝑧min Smallest width of an adjoining zone in the normal direction of an interface in FLAC 
∆𝜎n  Change in normal stress during shear under CNS conditions 
∆𝜎n,𝑢 Increment of normal stress at a shear displacement 𝑢 
∆𝜏p Drop in peak shear strength due to addition of infill 
𝛿 Fitting parameter 
𝛿b Interface friction angle in terms of (𝑢a − 𝑢w) 
𝛿1 Fitting parameter relating to 𝜎n0 and Discontinuity Roughness 
𝛿2 Fitting parameter relating to 𝜎n0 and Discontinuity Roughness 
𝛿′ Effective interface friction angle 
𝜉  Bonding variable 
𝜉𝑖 Shape factor 
𝜂 Degree of interlocking 
𝛩(𝑢𝑎−𝑢𝑤) Normalised volumetric water content at a matric suction equal to (𝑢𝑎 − 𝑢𝑤) 
𝜃 Volumetric water content 
𝜃r Residual volumetric water content 
𝜃𝑠  Saturated volumetric water content 
𝜃(𝑢𝑎−𝑢𝑤) Volumetric water content at a matric suction equal to (𝑢𝑎 − 𝑢𝑤) 




 Relative permeabilities in terms of water and gas, respectively 
𝜆 Half length of one single asperity 
𝜆𝑆 Soil parameter 
𝜇w, 𝜇g Dynamic viscosities in terms of water and gas, respectively 
𝜈 Poisson’s ratio 
𝜌 Inclination of the chord of the curved failure surface of an asperity 
𝜌b Bulk density of the infill after compaction 
𝜌d Dry density 
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𝜌w, 𝜌g Fluid densities in terms of water and gas, respectively 
𝜎cr Normal component of the corrected Sokolovski failure stress 
𝜎𝑐
′ Mean apparent pre-consolidation stress at unsaturated conditions 
𝜎𝑐0
′  Mean apparent pre-consolidation stress at saturated conditions 
𝜎n Total normal stress 
𝜎n
′ Effective normal stress 
𝜎n
′′ Average skeleton stress 
𝜎nc Total normal stress at the moment of discontinuity asperity contact 
𝜎nc
′′  Average skeleton stress at the moment of discontinuity asperity contact 
𝜎n𝑗  Vertical stresses acting on the individual asperities 
𝜎n,𝑢 Normal stress at a shear displacement u 
𝜎n0 Initial normal stress 
𝜎T Critical normal stress 
𝜎c Uniaxial compressive strength 
𝜎𝑥𝑥  xx-component of stress tensor 
𝜎𝑥𝑦 xy-component of stress tensor 
𝜎𝑦𝑦  yy-component of stress tensor 
𝜎1 , 𝜎3 Major and minor principal stresses, respectively 
𝜎1
′ , 𝜎3
′  Effective major and minor principal stresses, respectively 




)peak Peak normalised shear stress 
𝜏mob Mobilised shear stress 
𝜏p Peak shear strength 
𝜏p,clean Peak shear strength of clean discontinuities 
𝜏p,fill Peak shear strength of infilled discontinuities 
𝜏p,un Unsaturated shear strength 
𝜏𝑢 Shear stress at a shear displacement u 
𝜏ult Ultimate shear strength 
𝛷 Drained friction angle for Mohr-Coulomb model 
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𝛷b Basic friction angle of the discontinuity surface 
𝛷b Friction angle relating to matric suction 
𝛷fill Peak friction angle of infill 
𝛷fill
′  Effective friction angle of the infill material 
𝛷′ Effective friction angle under saturated condition 
𝛷p Total friction angle of the discontinuity 
𝛷r Residual friction angle of the discontinuity 
𝛷ult
′  Effective ultimate friction angle 
𝜑 Soil parameter 
𝜑r
0 Residual or basic frictional component of the total friction angle 
𝜒 Effective stress parameter 
𝜓 Soil parameter 
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  Chapter 1
Introduction 
 
1.1 Research Background 
Rock mass stability is of great concern in various mining and civil engineering projects. 
Discontinuities such as joints, faults, or bedding planes, commonly exist in rock masses, 
breaking them up into blocky systems, and playing a significant role in the stability of the 
rock mass. Many catastrophic accidents and costly delays in mining and civil projects are 
attributed to shear failure along discontinuities in the rock. For example, during mining 
activities, rock fall fatalities usually occur from unstable rock blocks sliding out along 
discontinuities (Stacey and Gumede, 2007). In addition, failures in hydraulic engineering 
caused by discontinuities were often observed. The well-known foundation failure examples 
such as collapse of Malpasset arch dam (France in 1959), sliding of Morris Sheppard Dam 
(Texas, USA in 1986), and failure of Camará Dam (Paraiba, Brazil in 2004) were all closely 
related to the weak discontinuities such as faults and foliations, horizontally bedded shale 
planes or clay-infilled discontinuities (FERC, 2014). 
There is no doubt that understanding the shear behaviour of rock discontinuities is of great 
importance in rock mechanics and engineering problems (Barton et al., 1974; Brady and 
Brown, 2006; Jaeger et al., 2007). For decades, many researchers have been focusing on the 
accurate prediction of the rock discontinuity shear strength, taking various factors into 
account, including the discontinuity surface roughness, rock properties, normal stress and 
stress history, external boundary stiffness, discontinuity opening and mismatching, shearing 
rate, presence of water, scale effect, and most importantly the occurrence of infill material (de 
Toledo et al., 1993; Barton and Choubey, 1977; Barton, 1973a; Bandis et al., 1983a; Zhao, 
1997a; Zhao, 1997b; Barton, 1973b; Saeb and Amadei, 1990). 
Due to a wide range of mechanical genesis, rock discontinuities may be filled with various 
materials such as calcite, dolomite, quartz or clay, silt and fault gouge, or filled with fluids 




whether the discontinuities are clean and closed, or open and filled with material. Except for 
those filled with strong vein materials (e.g. calcite, quartz and pyrite), infilled discontinuities 
will generally have lower shear strengths than comparable clean, closed discontinuities. It was 
found that the shear strength decreases considerably even with the addition of a thin layer of 
bentonite (Haque, 1999). Of the main concerns in this field are the discontinuities filled with 
weak soil materials such as clay, sand and silt that in general decrease strength of the rock 
mass. 
Compared to clean discontinuities, infilled discontinuity strength closely relates to infill 
material and infill-discontinuity interaction. The influencing parameters include: infill 
thickness; infill water content; mineralogical composition; grain size distribution; infill 
stiffness and shear strength; permeability of both the infill material and the discontinuity wall; 
normal and lateral boundary conditions; stress history; and drainage conditions (de Toledo et 
al., 1993; Barton, 1973b). In terms of infill water content, many researchers have indicated 
that water content is a principal parameter controlling the shear strength of an infilled 
discontinuity (Barton, 1973b; de Toledo et al., 1993; Pellet et al., 2013; Wyllie and Mah, 
2004). Pellet et al. (2013) suggested that the effect of infill water content can be as significant 
as the infill thickness. 
Water content of infill material can vary noticeably depending on the groundwater or climate 
patterns (Barton, 1973b). When infilled discontinuities are located in a saturated zone 
underground, below the groundwater table, the discontinuity infill typically contains higher 
water content and remains saturated. However, desaturation can occur around excavations, 
due to increased permeability of the strata, ventilation and geothermal conditions (Bell, 2013; 
Matray et al., 2007; Alonso et al., 2013). In other words, the discontinuity infill can be 
partially saturated even in a saturated zone deep underground. On the other hand, when 
infilled discontinuities are within the unsaturated zone above the groundwater table, the infill 
will in most cases be unsaturated. Such circumstances could happen hundreds of meters deep 
underground (USGS, 2013). However, when close to ground surface, climate conditions will 
dominate the water content and saturation conditions of the discontinuity infill. For example, 




increase, leaving the infill material near saturated. While during dry seasons, water inside the 
infill will gradually decrease, leading to highly unsaturated infill conditions (Barton, 1973b). 
Unsaturated material-infilled discontinuities can be encountered in many mining and civil 
engineering works. Figure 1.1 illustrates typical situations in mining engineering where 
unsaturated conditions may exist. Compared to saturated cases, rock discontinuities filled 
with unsaturated materials will generally have larger shear strength. Unlike the adverse effect 
of excess pore water pressure when the infill is fully saturated, matric suction of the 
unsaturated infill has a positive strength contribution (Barton, 1973b; de Toledo et al., 1993). 
In fact, some researchers considered that infill matric suction function by increasing the total 
cohesion of the unsaturated material-filled discontinuities (Khosravi et al., 2016; Premadasa, 
2013). Such cohesion is larger for finer infill material, which can sometimes reach several 
MPa for very dry clays, while it reduces to several kPa when fully saturated (Fredlund and 
Xing, 1994; Vanapalli et al., 1996a). Predicting the discontinuity shear strength by simply 
assuming the infill material as saturated could be far too conservative and costly, without 
considering a potential increase in cohesion of several hundred tonnes/m
2
. On the other hand, 
if the strength is predicted based on the initial dry conditions, the support design may fail due 
to very low factor of safety after heavy precipitation or groundwater inrush. Hence, it is of 
great importance to understand the difference between saturated and unsaturated conditions 
from both safety and economy points of view. 
 
Figure 1.1 Infilled discontinuities under unsaturated conditions in mining engineering 
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Load (CNL) or Constant Normal Stiffness (CNS) conditions. For discontinuities where 
dilation is free during shear, such as rough discontinuities located at shallow depth without 
extra reinforcement or planar discontinuities, CNL is considered appropriate. However for 
non-planar discontinuities, CNS is more suitable in most cases where dilation is constrained, 
for example the bolted discontinuities, interfaces between rock and socketed piles (Johnston 
et al., 1987; Haque, 1999), and discontinuities around underground excavations (Leichnitz, 
1985; Ohnishi and Dharmaratne, 1990). During CNS shearing, the normal stress applied to 
discontinuities can be either increased or decreased, depending on whether the discontinuities 
dilate or contract. Shear strength prediction based on traditional CNL testing may lead to 
either conservative or unsafe design. 
1.2 Statement of the Problem 
So far, study on shear of discontinuities filled with unsaturated materials is rare and not 
complete. The well-known Q-system for rock mass classification (Barton et al., 1974) 
considers the influence of water content on the shear strength of infilled discontinuities, but 
only under saturated conditions. Alonso et al. (2013) and Zandarin et al. (2013) investigated 
the shear behaviour of clean rock discontinuities under unsaturated conditions. Premadasa 
(2013) studied the influence of degree of saturation on the shear strength of unsaturated-clay 
filled rock discontinuities, by conducting a series of constant Water Content (CW) triaxial 
tests. Khosravi et al. (2016) further investigated the effect of the degree of saturation on the 
shear strength of rock discontinuities filled with silt. Constant matric suction conditions were 
applied in their triaxial shear tests by using the axis-translation technique, and the role of 
hydraulic hysteresis was emphasised. However in the study of both Premadasa (2013) and 
Khosravi et al. (2016), the influence of infill void ratio or volume change on the water 
retention curves and the effective stress of the unsaturated infill was neglected, despite that 
such influence has been recognised by many researchers (Mašín, 2010; Sheng, 2011). Also, in 
their study, the effect of infill unsaturation on the discontinuity shear strength was analysed 
based on the values of infill matric suction and the degree of saturation. Although both matric 
suction and degree of saturation are fundamental parameters defining the unsaturated soil 




practice. Detailed analysis on the direct relationship between discontinuity shear strength and 
infill water content may be more beneficial for field application. 
In addition, as far as can be determined, the role of infill unsaturation in the shear strength of 
infilled discontinuities has only been appreciated for CNL direct shear or triaxial shear (Pellet 
et al., 2013; Khosravi et al., 2016; Premadasa, 2013), instead of the CNS conditions. In fact, 
many studies have investigated the CNS behaviour of either clean or infilled rock 
discontinuities (Heuze, 1979; Leichnitz, 1985; Johnston et al., 1987; Ohnishi and 
Dharmaratne, 1990; Saeb and Amadei, 1990; Saeb and Amadei, 1992; Jiang et al., 2004; 
Skinas et al., 1990; Leong and Randolph, 1992; Seidel and Haberfield, 2002; Belem et al., 
2007; Shrivastava and Rao, 2018; Haque, 1999). However, for those focusing on the infilled-
joint behaviour under CNS, the role that the infill unsaturation plays on the discontinuity 
shear was not studied. 
1.3 Objectives and Scope 
The main objective of this research is to investigate the influence of infill water content on the 
CNS shear strength of rock discontinuities filled with unsaturated weak layers. Within the 
scope of this study: only one level of normal boundary stiffness (7.2 kN/mm) was applied to 
simulate soft rock strata conditions; a shear rate of 0.5 mm/min was selected to achieve quasi-
static shearing under constant infill water content conditions; initial normal stresses ranging 
from 0.5 to 1.5 MPa were chosen, which represents not only a shallow depth, but also deep 
underground where rock mass structure exists and high in situ stresses may be relieved 
towards excavation; and clay-filled soft sedimentary rock discontinuities were physically 
modelled and investigated. This research uses the FLAC software to numerically model the 
“first-stage” shear behaviour of unsaturated-material-filled rock discontinuities, the influence 
of infill lateral confinement on the infilled-joint shear behaviour, and the stability of 
underground mine roadways in unsaturated coal seam. The specific objectives of this study 
are summarised below: 
 comprehensive literature review of past research on the shear strength of rough 





 laboratory investigation of the compaction and water retention behaviour of the 
unsaturated infill material; 
 laboratory investigation of the shear behaviour of rock discontinuities filled with 
unsaturated infill under CNS direct shear testing; 
 development of a new analytical model to predict the CNS shear strength of 
unsaturated clay-infilled rock discontinuities, taking the role of CNS, infill void ratio 
and infill water content into account. 
 Numerical simulation of the “first-stage” shear behaviour of rock discontinuities 
filled with unsaturated materials using FLAC/Two-phase flow model. 
 Modelling the infill lateral confinement and its effects on the direct shear of infilled 
discontinuities using FLAC. 
 Modelling the influence of coal seam water saturation on the underground mine 
roadway stability using FLAC. 
1.4 Thesis Outline 
The thesis includes seven chapters organised as follows. 
Chapter 1 introduces the research background, problem statement, the objectives and scope of 
the study. 
Chapter 2 provides a general literature review of the factors controlling the shear behaviour of 
both clean and infilled rock discontinuities, the conventional laboratory testing techniques, 
and the shear strength models of clean and infilled discontinuities under CNS conditions. 
Particular attention is given to the shear behaviour of unsaturated material-filled 
discontinuities. 
Chapter 3 introduces the CNS direct shear testing methods and apparatus for laboratory 
investigation of the shear behaviour of unsaturated clay-filled discontinuities, describes the 
suction measurement using high-capacity tensiometers, and investigates the static compaction 




Chapter 4 explores the laboratory results, analysing the effects of infill water content, ratio of 
infill thickness to discontinuity average asperity height, discontinuity roughness coefficient, 
and initial normal stress on the discontinuity shear strength under CNS conditions. 
Chapter 5 models the static compaction and model retention behaviour of the infill material, 
and proposes an improved shear strength model for discontinuities filled with unsaturated 
materials. The model incorporates the influence of infill water content, void ratio, and CNS 
on two parts: the effective stress and the degree of interlocking when discontinuity asperities 
contact. The proposed model is then verified by experimental results. 
Chapter 6 presents the numerical simulation of the “first-stage” shear behaviour of rock 
discontinuities filled with unsaturated materials. The FLAC/Two-phase flow model is 
employed for the modelling, and porosity is considered through FISH subroutine in the FLAC 
intrinsic water retention and permeability models. The influences of various parameters on 
the shear behaviour are investigated including porosity correction frequency, applied shear 
velocity, initial degree of saturation, physical shear rate, Joint Roughness Coefficient (JRC) 
and normal stress. 
Chapter 7 studies the effects of infill lateral confinement conditions on the infilled-joint shear 
behaviour using the numerical software FLAC. The patterns of interface slip and shear band 
distribution, and the changes in the lateral confining stresses and shear stress, are compared 
under different confinement conditions. 
Chapter 8 analyses the stability of underground mine roadways developed in unsaturated coal 
seam using the FLAC/Two-Phase flow model. The study focuses on the seam degree of 
saturation and its influence on the effective stresses, deformation, and strength/stress ratios i.e. 
the factor of safety of the roadway strata. 
Chapter 9 summarises the conclusions and recommendations, followed by a list of references 








Rock discontinuities such as clay-infilled joints, faults and shear zones, bedding planes and 
dykes filled with weak materials commonly exist in rock masses (Brady and Brown, 2006). 
These discontinuities largely weaken the overall stability of rock masses (Barton, 1973b), 
which is one of the largest concerns in mining and civil engineering. 
Factors dominating the discontinuity shear behaviour have been investigated for decades 
(Barton, 1973b; de Toledo et al., 1993), however the influence of infill saturation/water 
condition has not been recognised thoroughly. The discontinuity infill can be either saturated 
or unsaturated depending on the liquid/gas flow conditions (Barton 1974; Matray et al. 2007; 
Alonso et al. 2013). Unsaturated conditions can be met not only on ground surface, but also 
deep underground. Compared with fully saturated conditions, the shear strength of infilled 
discontinuities is generally higher when the infill material dries (i.e. has a lower degree of 
saturation). Sometimes matric suction cohesion contribution can be extremely large (several 
tonnes per square meter) for high-plastic fine discontinuity infills. On the other hand, heavy 
precipitation or groundwater inrush may saturate the infill discontinuities from initial dry 
(unsaturated) condition, which could dramatically decrease the shear strength and 
catastrophes may occur if insufficient reinforcement is applied. Hence it is of great 
importance to investigate the influence of infill saturation conditions on the discontinuity 
shear strength for engineering safety and economy. 
In addition, the influence of infill void ratio on the soil water retention curve (Williams, 1982), 
the unsaturated effective stress (Bishop and Blight, 1963) and the overall shear strength can 
be significant when the discontinuity infill undergoes large deformation. Furthermore, in situ 
rock discontinuities are more likely to experience CNS shearing. However, so far only a few 
researchers have studied the shear behaviour of unsaturated material-filled discontinuities 




void ratio and CNS has not been studied. 
This chapter presents an overview of literature on the shear behaviour of both clean and 
infilled rock discontinuities under CNS conditions, including the influencing factors, 
laboratory testing methods, and shear strength models, especially a critical review on the 
shear strength of unsaturated material-filled discontinuities. 
2.2 Factors Controlling the Shear Behaviour of Rock Discontinuities 
2.2.1 Clean Discontinuities 
The shear behaviour of clean rock discontinuities has been studied extensively in the past. 
Important factors controlling the discontinuity shear behaviour are summarised below. 
2.2.1.1 Surface Roughness 
Shear behaviour of rock discontinuities is largely influenced by discontinuity roughness. 
When loaded, rough discontinuities will generally have higher strength than smoother 
discontinuities. The importance of discontinuity roughness decreases with increased aperture, 
infill thickness, and previous shear displacement or degree of discontinuities mismatching, 
and is highly dependent on normal stress magnitude as well as the shear direction. The 
surface roughness of discontinuities varies widely depending on the rock types and the 
discontinuity mechanical genesis. The roughest discontinuities can be seen in intrusive rocks 
in a tensile brittle manner, while the planar cleavage surfaces in slates are among the 
smoothest discontinuities. 
Field description of discontinuity roughness is scale-dependent. Small-scale surface 
irregularity or unevenness, is recorded using terms such as rough (or irregular), smooth, or 
slickensided. Intermediate-scale surface roughness is usually described as stepped, undulating 
or planar. Large-scale surface roughness is generally mentioned as waviness. Figure 2.1 
shows the different scales of discontinuity surface corresponding to various scales of shear 
tests, where the angle β represents the discontinuity dip, and i characterise the waviness. 




asperities, as shown in Figure 2.2. 
 
Figure 2.1 Scale dependency of discontinuity roughness (ISRM, 1978) 
 
Figure 2.2 First- and second- order asperities describing discontinuity roughness (Patton, 
1966) 
Quantitative description of discontinuity roughness is essential to estimate the discontinuity 
shear strength. Patton (1966) proposed one of the first empirical peak shear strength models, 
with the asperity angle 𝑖 to characterise the discontinuity roughness: 
 𝜏p = 𝜎ntan⁡(𝛷b + 𝑖) (2.1) 
where, 𝜏p  is peak shear strength of discontinuities, 𝜎n  is normal stress applied to the 
discontinuity wall, and 𝛷b is the basic friction angle of the discontinuity surface. 





Barton (1975) introduced a parameter Joint Roughness Coefficient (JRC) to quantify the 
roughness of the discontinuity surface, with a scale ranging from approximately 0 to 20 (from 
the smoothest to the roughest). Typical roughness profiles for the entire JRC range are shown 
in Figure 2.3. This concept has been accepted by both ISRM (1978) and ASTM (2016) and 
has been widely used in practice. 
 
Figure 2.3 Typical roughness profiles and corresponding range of JRC (after Barton and 
Choubey, 1977) 
Generally JRC can be quantified by visually comparing discontinuity surfaces to the JRC 
standard profiles (Figure 2.3), or by a tilt test on the rough discontinuity combined with a 
Schmidt Hammer Index test (Barton and Choubey, 1977). However the above method for 
determining the JRC values of discontinuity surface is subjective in practice. Some 
researchers also use back analysis from test results to estimate the JRC value (Grasselli and 
Egger, 2003). Many other methods have been used to characterise the discontinuity roughness, 
and attempts made to establish relationships between the standard JRC values and these 
methods such as statistical methods (Tse and Cruden, 1979; Yang et al., 2001), fractal 

















methods (Maerz et al., 1990; Cheng, 1997; Xie and Pariseau, 1995), and contact area methods 
(Grasselli, 2002; Grasselli and Egger, 2003). 
2.2.1.2 Discontinuity Modelling Type 
Artificially casted discontinuity specimens are generally used for parametric studies in the 
laboratory experiments. It is very difficult to obtain a number of field discontinuity samples 
with similar roughness and material properties for comparative testing. Therefore for 
simplicity, many researchers use saw-toothed discontinuity moulds to prepare idealised 
discontinuities (Ladanyi and Archambault, 1977a; Johnston and Lam, 1989; Phien-Wej et al., 
1990; Li et al., 2015). Moulds made of silicone rubber replicating natural discontinuity 
surfaces are also widely adopted to cast irregular rough discontinuities (Hakami and Barton, 
1990; Daemen and Schultz, 1995; Yeo et al., 1998; Fardin et al., 2001; Haque, 1999). Cement 
and gypsum plaster are popular for casting in the laboratory. Recently, the 3D printing 
technique was also employed to either generate discontinuity moulds with specific profiles 
(Kim et al., 2015) or directly print the discontinuity specimens (Jiang et al., 2016a; Jiang et al., 
2016b). 
Discontinuity surface type influences the shear strength to some extent. Kodikara and 
Johnston (1994) found that the irregular discontinuities have lower shear resistance than 
regular ones especially under CNS conditions, although both of them possess the same 
average asperity angle. Patton (1966) pointed out that regular saw-toothed discontinuities 
have a bilinear peak strength envelope, while for natural rough discontinuities the envelope 
tends to be curved. 
2.2.1.3 Discontinuity Surface Strength 
Both the compressive strength and tensile strength of discontinuity surfaces influence the 
discontinuity shear behaviour. Barton (1973a) used the term Joint Wall Compressive Strength 
(JCS) to characterise the effect of compressive strength. Barton and Choubey (1977) and 
Bandis et al. (1983b) both indicated that a weak rough discontinuity surface (i.e. low JCS, 




(i.e. high JCS, low JRC), both with small dilation. However, a strong and rough surface will 
dilate significantly as soon as it reaches peak strength. Jing et al. (1992); Ghazvinian et al. 
(2010); Kumar and Verma (2016) and Yang et al. (2016) all considered JCS as one of the 
most important parameters in quantifying the peak shear resistance of rock discontinuities. In 
the meantime, many other researchers  (Tatone and Grasselli, 2009; Ghazvinian et al., 2012; 
Xia et al., 2014; Tang et al., 2016b; Tang and Wong, 2016; Tang et al., 2016a; Zhang et al., 
2016) suggested that tensile failure rather than compressive failure plays a major role in 
damaging individual asperities. 
For fresh discontinuity surfaces, JCS can be estimated using the uniaxial compressive 
strength of corresponding intact rock, whereas for weathered discontinuity surfaces, the 
Schmidt Hammer Index test is one of the few means of estimating the JCS (ISRM, 1978). A 
number of studies have proposed correlations estimating the JCS based on the Schmidt 
Hammer rebound hardness determination (Aydin and Basu, 2005). 
2.2.1.4 Normal Boundary Stiffness 
Shear behaviour of rock discontinuities has been investigated broadly under two different 
boundary conditions, i.e. CNL and CNS. The CNL conditions are suitable for planar 
discontinuities or unreinforced non-planar discontinuities in rock slopes, where 
discontinuities are allowed to shear without dilation being restricted. However, if the dilation 
of rock discontinuities is either partly or fully constrained by the surrounding rock mass or 
reinforcement during shearing, dilation can generate a large increase in the applied normal 
load. In this case CNS boundary conditions are considered more suitable (Goodman, 1976). 
Stiffness is the material property, which is constant for a given rock mass at a particular depth. 
Boundary normal stiffness varies from zero (i.e. CNL) to a maximum value corresponding to 
the stiffness of the intact rock. Maximum boundary normal stiffness was calculated by Skinas 





where, 𝐸r is the Young’s modulus of rock mass, 𝐿 is the length of a rectangular jointed block, 




Many researchers have studied the effects of boundary normal stiffness on discontinuity shear 
behaviour (Heuze, 1979; Jiang et al., 2004; Skinas et al., 1990; Leong and Randolph, 1992; 
Seidel and Haberfield, 2002; Belem et al., 2007; Leichnitz, 1985; Johnston and Lam, 1989; 
Ohnishi and Dharmaratne, 1990; Saeb and Amadei, 1990; Saeb and Amadei, 1992; Seidel 
and Haberfield, 1995; Haque and Kodikara, 2012; Lee et al., 2014; Shrivastava and Rao, 
2015). Generally it can be concluded that: rough discontinuities under CNS conditions 
typically have a greater shear resistance than under CNL; with the increase of normal stiffness, 
both peak shear strength and its corresponding shear displacement increase, while dilation 
diminishes, and the overall shear behaviour gradually transfers from brittle to plastic. 
2.2.1.5 Applied Normal Stress 
It is common knowledge that normal stress applied to the discontinuity surface dominates the 
behaviour of rock discontinuities under shear. Both peak and residual shear strength increase 
with the increase of normal stress. The overall friction angle, in other words the slope angle of 
the shear strength - normal stress envelope, varies depending on the normal stress magnitude. 
Patton (1966) suggested a bilinear strength model for ideal regular discontinuities, where for 
𝜎n < 𝜎T, Eq. (2.1) applies, while for 𝜎n > 𝜎T, 
 𝜏p = 𝑐p + 𝜎ntan⁡𝛷r (2.3) 
where 𝜎T  is the critical normal stress, 𝑐p  is the cohesion existing under very high normal 
stresses, and 𝛷r is the residual friction angle of the discontinuity. 
Barton and Choubey (1977) used the ratio of joint wall compressive strength to applied 
normal stress to incorporate the effect of normal stress magnitude. At low normal stresses, the 
dilation angle was represented as (𝐽𝑅𝐶 log10
𝐽𝐶𝑆
𝜎n
); while for high normal stresses, the angle 
should be changed to (𝐽𝑅𝐶 log10
𝜎1−𝜎3
𝜎n
), where, 𝜎1 is the axial stress at failure, and 𝜎3 is the 
effective confining pressure. In fact the former expression is accurate enough in most rock 
engineering practices where the maximum normal stress acting across the discontinuities lies 
in the range 0.1-2.0 MPa. 




shearing under CNS conditions, which tends to reduce under higher values of initial normal 
stress 𝜎n0. In other words, the effect of normal stiffness diminishes with the increase of 𝜎n0. 
Also, due to asperity breakage, an increase in 𝜎n0 causes the shear peak to occur at lower 
horizontal displacements under CNS loading (Haque, 1999). 
2.2.1.6 Shearing Rate 
As the shear rate varies significantly depending on the loading source and rock properties, 
several studies have focused on the effects of shear rate on the behaviour of rock 
discontinuities. It is generally considered that a strain rate lower than 1 × 10−3⁡s−1 leads to a 
quasi-static condition, beyond which a dynamic problem emerges (Lixing, 2011). 
Crawford and Curran (1981) studied the influence of shear rate on the CNL shear behaviour 
of artificial rock discontinuities, and suggested that the shear rate effect on the discontinuity 
shear strength largely depended on the rock strength. Generally for hard rocks, the 
discontinuity shear strength decreased with the increase of shearing rate that was greater than 
a critical value; whereas for soft rocks, discontinuity strength increased as the shearing rate 
increased, and then remained constant when shearing rate was over a certain value. Jafari et al. 
(2004) later obtained similar results when observing the monotonic shearing of rock 
discontinuities with shear rates varying between 0.05 and 0.4 mm/min. Curran and Leong 
(1983) found that shearing rate mainly influenced the shear resistance when the rate lies in a 
certain range, beyond which the shear resistance was essentially independent of shear rate. 
Haque (1999) conducted a series of CNS tests on soft plaster samples (uniaxial compressive 
strength 𝜎c = 11~13⁡MPa) with shear rates ranging from 0.35~1.67 mm/min under an initial 
normal stress of 0.56MPa, and observed that the friction resistance, normal stress and dilation 
all increased as the shear rate increased. Atapour and Moosavi (2013) studied the shear 
behaviour of concrete-plaster interfaces under both CNL and CNS conditions, with shearing 
rate varying within 0.3~30mm/min. Results showed that the increase of shear rate reduces the 
shear strength, the friction angle as well as the shear stiffness of the discontinuities. They 
found that the shear behaviour of such soft-hard material interface was dominated by the 




2.2.1.7 Hydraulic Effects 
Barton (1973a) reviewed the influence of water on rock discontinuities in detail. He 
concluded that with the presence of water, shear strength of most rough discontinuities was 
reduced, which was generally induced by the softening effect of moisture on the tensile 
strength of brittle materials. While for most polished discontinuities, when the discontinuity 
surfaces were slightly wet the shear strength increased or remained the same. 
On the other hand, Zandarin et al. (2013) investigated the influence of total suction on the 
discontinuity behaviour. Note that the total suction mentioned here is referred to as the free 
energy state of rock water, rather than the conventional vacuum suction caused by 
atmospheric pressure gradient that is 102 kPa maximum. Different levels of total suction of 
the porous rock media (20 MPa, 100 MPa and 200 MPa) were controlled through a vapour 
circulation system. Results showed that the increase of total suction had a positive effect on 
both the peak shear strength and dilation, but had a minor effect on the residual strength. They 
also found that the degradation of discontinuities decreased as suction increased, for a given 
level of applied total work. 
2.2.1.8 Normal Stress History 
Similar to soil mechanics, natural rock discontinuities can also be over-consolidated due to 
erosion or excavation induced unloading that changes their original state. Barton (1973a) 
found that shear strength of rock discontinuities increased largely as the ratio of pre-
consolidation stress to the changed normal stress increased. Bandis et al. (1983b) also 
mentioned the important effect of discontinuity ‘overclosure’ due to past loading history on 
the peak shear resistance. Babanouri et al. (2011) later studied the influence of over-
consolidation on the discontinuity shear behaviour. They pointed out that as the over-
consolidation ratio increases, the shear strength, dilation angle, shear stiffness, slope of past 
peak curve and damage area of asperities all increased significantly. A Joint Over-Closure 
parameter (JOC) was introduced, which is the closure in the over-closed state divided by the 
closure in the normally closed state, for characterising the irreversible closure in the 




2.2.1.9 Mismatching and Opening of Discontinuities 
Natural rock discontinuities are often under mismatching states due to all types of geological 
variations such as erosion, slipping and other forms of hydro-thermo-mechanical alterations 
(Zhao, 1997a). In addition, discontinuities located near excavation tend to be opened resulting 
from the relief of confinement (Oh and Kim, 2010). Many researchers have appreciated that 
the existence of discontinuity mismatching or aperture largely reduces the discontinuity 
normal stiffness compared with mated and closed discontinuity conditions (Bandis et al., 
1983b; Barton, 1982; Tang et al., 2014). Shear behaviour of opened or mismatched rock 
discontinuities were also studied by many researchers. Ladanyi and Archambault (1969) 
introduced a parameter 𝜂 = 1 − 𝛥𝑥/𝛥𝐿 into Patton (1966)’s bilinear shear strength model, 
where 𝜂 is named as the degree of interlocking, 𝛥𝑥 is the mismatching length in the shear 
direction, and 𝛥𝐿 is the projected asperity length on the ascending side in the shear direction. 
Results showed that the maximum strength was closer to the residual value as the degree of 
interlocking decreased. Zhao (1997a) proposed a Joint Matching Coefficient (JMC) based on 
the contacting degree to modify the JRC values in the Barton-Bandis criterion, in the form of 
𝜏p = 𝜎ntan[𝐽𝑅𝐶 ∙ 𝐽𝑀𝐶 ∙ log10(𝐽𝐶𝑆/𝜎n⁡) + 𝛷𝑟]  (Zhao, 1997b). Oh and Kim (2010) further 
introduced the degree of interlocking 𝜂 (Ladanyi and Archambault, 1969) into the Barton-
Bandis criterion (i.e. 𝜏p = 𝜎ntan(𝐽𝑅𝐶 ∙ log10(𝜂 ∙ 𝐽𝐶𝑆/𝜎n⁡) + 𝛷𝑟)) to express the influence of 
opening on the discontinuity strength. Li et al. (2015) conducted systematic laboratory 
experiments to investigate both normal and shear deformation of initially opened 
discontinuities. Results showed that with the increase of the opening degree, the discontinuity 
normal stiffness, shear strength and dilation all decreased. 
2.2.1.10 Scale Effect 
The scale effect on the rock discontinuity shear behaviour has long been recognised. Bandis 
(1980) carried out comprehensive direct shear tests on casted discontinuities replicated from 
various natural discontinuities. Discontinuity lengths varied from 36-40 cm to 18-20 cm, 10-
12 cm and 5-6 cm. Results indicated that with the increase of the discontinuity length: (1) 




increased; (3) peak dilation angle dropped; (4) shear stress-shear displacement curves evolved 
from brittle to plastic characteristics. In addition, the scale effects weakened with the decrease 
in the discontinuity roughness. Figure 2.4 shows the fundamental mechanisms of scale effect, 
where two of the shear strength components (i.e. the asperity failure component and 
geometrical component) are influenced by discontinuity scale. Barton and Bandis (1982) 
suggested that the scale effect on the shear displacement to peak shear strength (𝑢p), JRC and 






















where, the subscripts n and 0 represent the field size and laboratory size (normally 100 mm), 
respectively. 
 
Figure 2.4 Effect of discontinuity size on the shear behaviour of rock discontinuities (Bandis 
et al., 1981) 
Since then the discontinuity scale effect has been studied extensively, however the results 
remain inconsistent. Swan and Zongqi (1985) concluded that unlike the Barton-Bandis model, 
effective roughness amplitude increased with discontinuity scale. Hencher et al. (1993) 
verified the result of Barton and Bandis (1982) that a lower shear displacement was needed 




was not confirmed. Leal Gomes (2003) implied that scale effect cannot be investigated on 
discontinuities with simple uniform profiles. Results of Fardin et al. (2003) suggested that 
both the discontinuity shear strength and discontinuity normal stiffness decreased as the 
sample size increased.  
2.2.2 Infilled discontinuities 
When rock discontinuities are filled with some soil-like materials, the shear behaviour will 
become much more complicated. Various additional parameters need to be taken into account 
compared with clean discontinuities mentioned before. 
2.2.2.1 Infill Thickness 
Infill thickness is no doubt one of the major parameters governing the infilled-joint strength. 
Goodman (1970) first studied the influence of infill thickness from the perspective of the ratio 
of infill thickness to average asperity height (t/a). Direct shear tests were conducted on 
crushed mica-filled saw-toothed discontinuities, and results showed that both shear stiffness 
and shear strength decreased slowly with t/a decrease. Since then, the role of t/a in the shear 
of infilled discontinuities has been studied widely (Barton, 1973b; Ladanyi and Archambault, 
1977b; Lama, 1978; Papaliangas et al., 1993; de Toledo et al., 1993; Phien-Wej et al., 1990; 
Haque, 1999). de Toledo et al. (1993) suggested that there existed a critical t/a separating the 
interfering and non-interfering region for discontinuities with varying values of t/a. The 
magnitude of critical t/a depends on the discontinuity geometry and on the particle size of the 
infill material. Haque (1999) later extended the study on the t/a influence to the infilled 
discontinuities under CNS conditions. They conducted CNS direct shear tests on regular 
discontinuities filled with bentonite. Results indicated that a drop of shear strength by as 
much as 50% could occur even with the addition of a thin layer of infill. The peak shear 
strength gradually deceased with the increase in infill thickness, while such decrease became 
marginal once a critical t/a reached. 
2.2.2.2 Infill Boundary Effect 




can be estimated by that of the infill alone, this may not be true. Kanji (1974) conducted 
several laboratory tests to investigate the shear strength of soil-rock interfaces, and concluded 
that for smooth or polished contacts, the strength may be smaller than that of the soil alone. 
The reduction in shear strength may be up to 20% for the peak strength and as much as 50% 
for the residual strength, compared with those of the soil itself. de Toledo et al. (1993) 
explained the reason for strength reduction with respect to both clay and sand infill. For clay 
materials, the flat hard rock surface may facilitate the orientation of the clay particles along 
the failure plane, and failure becomes easier than that of clay alone. On the other hand, for 
sand infill, when the rock surface is relatively smooth with respect to the sand particle size, it 
is the rolling friction instead of sliding friction that dominates the shear resistance. The 
sliding friction dominates the shear strength of sand alone. 
2.2.2.3 Infill Water Content 
Shear behaviour of infilled rock discontinuities strongly depends on the water content of infill 
material. Although many researches have studied the infilled discontinuity shear strength, 
only a limited number of studies have focused on the influence of infill water content. 
Goodman (1970) investigated the effect of infill moisture condition on the shear of clay-
infilled shale discontinuities (Figure 2.5). For dry conditions, the shear stress curves presented 
a high initial stiffness and a large difference between peak and residual strength. As the infill 
water content increased, the shear stiffness decreased significantly. Either strain-hardening or 
stain-softening behaviour occurred depending on the relative thickness of the infill layer. 
 
Figure 2.5 Influence of infill water content on the shear stress-shear displacement relationship 




Cheng and Chern (2013) studied the influence of infill water content as well as infill 
thickness using the CNL direct shear of rough discontinuities. He suggested that the role of 
infill water content may be as remarkable as infill thickness. Generally the discontinuity shear 
strength decreases when infill water content increases, while such effect diminishes with the 
increase of applied normal stress. 
Pellet et al. (2013) carried out a series of direct shear tests on clay rock discontinuities to 
investigate the influence of water saturation in terms of the rock material. Results showed that 
both the friction coefficient and the cohesion decreased when the discontinuity material was 
saturated from an initial dry condition (with water content of 5.9%). Overall, the discontinuity 
shear strength decreased significantly to almost 50% of its original value in the dry state. 
Khosravi et al. (2013) reviewed the existing infilled discontinuity models and their limitations, 
and emphasised the importance of partially saturated stress states when studying the hydro-
mechanical behaviour of those unsaturated material-infilled discontinuities. They stated that 
proper strength prediction in this scenario may need to take several important factors into 
account, including the unsaturated state variables of the discontinuity, hysteretic water 
retention models for the infill material, stress history and any pertinent hardening mechanisms 
that might be experienced by the unsaturated infill material. 
Premadasa (2013) studied the influence of unsaturated infill on the discontinuity shear 
strength by conducting a series of laboratory undrained triaxial tests. Both idealised model 
discontinuities and natural discontinuity replicas were employed. It was observed that with 
the increase of infill degree of saturation or water content, the discontinuity peak shear 
strength decreased. Their proposed strength model suggested that the increase of infill 
saturation degree diminished the cohesion intercept, increased the value of critical t/a, and 
also decreased the contribution of discontinuity asperities with respect to the total friction 
angle. 
Recently Khosravi et al. (2016) investigated the effect of infill degree of saturation on the 
shear strength of rock discontinuities filled with unsaturated silt. Constant matric suction 




and their results highlighted the impact of hydraulic hysteresis of the infill material. 
2.2.2.4 Over-consolidation Ratio 
Pre-consolidation is also a significant factor for infilled rock discontinuities. A discontinuity 
infill is considered normally consolidated if current in situ effective normal stress (𝜎n0) equals 
to or exceeds the maximum effective consolidation pressure in the history (𝑃c). Nevertheless, 
the infill is over-consolidated if 𝜎n0  is less than 𝑃c . The ratio of 𝑃c  over 𝜎n0  is usually 
regarded as the Over-consolidation Ratio (OCR). According to Barton (1975), most infilled 
discontinuities are in an over-consolidated state after excavation. It was expected that heavily 
over-consolidated infilled discontinuities could have a significantly higher cohesion intercept. 
Mylvaganam (2007) investigated the effect of the over-consolidation of infilled rough 
discontinuities on the shear behaviour for consolidated undrained conditions. Results showed 
that with the increase of infill over-consolidation ratio, both the critical t/a and the excess 
pore water pressure generated during shear decreased, and the normalised shear strength 
increased. 
2.2.2.5 Drainage Condition 
de Toledo et al. (1993) mentioned that infilled rock discontinuities in nature may be in either 
drained or undrained boundary condition during shear, depending on the permeability ratio 
between the infill part and the rock part. It can be considered as fully drained or fully 
undrained, when these permeability ratios are less than 0.01 or higher than 100, respectively. 
However under fully drained boundary condition, pore pressure may still occur as the failure 
plane of an infilled discontinuity does not necessarily touch the solid discontinuity surface. 
Drainage distance between the failure planes and the draining boundaries is controlled by the 
shape of the discontinuity as well as the infill thickness. Hence, under free-draining boundary 
conditions, the shear rate during testing will largely influence the pore pressure dissipation 
and then the shear strength of infilled discontinuities. Figure 2.6 shows the influence of the 





Figure 2.6 Influence of the shear rate on the strength of infilled discontinuity for t >> a (de 
Toledo et al., 1993) 
2.3 Laboratory Testing of Rock Discontinuities 
Shear behaviour of rock discontinuities has been investigated in laboratories by various 
testing methods. Typically four types of testing techniques can be seen in the literature, 
namely the direct shear or simple shear, the double shear, the rotary shear, and the triaxial 
shear, as shown in Figure 2.7. Table 2.1 summarises some literatures relating to laboratory 
shear testing of discontinuities, categorised by testing methods. Double shear configuation 
can be covenitently coupled with conventional universal testing machines, but the specimen 
preparation is complex as three rock parts and two discontinuity interfaces need to be 
configured. Rotary shear has the advantage that the discontinuities can be sheared for a long 
distance so that the residual state can be studied, while keeping the contact surfaces exactly 
the same during the process. However rotary shear ignores the influence of shear direction. 
Triaxial shear configuation is necessary when sealed and confined conditions are studied, but 
the contact area and normal stress varies during shear. 
 
Figure 2.7 Typical types of testing methods for investigating the rock discontinuity shear 











ASTM (2016); Zhang et al. (2016); Yang et 
al. (2016); Hossaini et al. (2014); Sanei et 
al. (2015); Singh and Basu (2018) 
CNS 
Johnston and Lam (1989); Leichnitz 
(1985); Li et al. (2018); Mirzaghorbanali 
et al. (2014); Jiang et al. (2004); Niktabar 
et al. (2016) 
Constant Volume (CV) Pellet et al. (2013) 
Double Shear CNL 
Bochong and Yuanchun (1990); Hoskins et 
al. (1968); Li (2016) 
Rotary Shear CNL Xu et al. (1988) 
Triaxial Shear Variable normal stress (Premadasa, 2013) 
Direct shear may be the most convenient and common method and is suggested by the 
international standards ISRM (Muralha et al., 2013) and (ASTM, 2016). As shown in Table 
2.1, many researchers have conducted direct shear tests on rock discontinuities, under either 
CNL, or CNS, or Constant Volume (CV) conditions. Specimens prepared for direct shear 
testing may be either articifially casted or directly sampled from the field. Usually specimen 
sizes may be different to the laboratory shear box dimensions and need to be encapsulated 
into the shear box with plaster or concrete. 
2.4 Shear Strength Model of Rock Discontinuities 
So far numerous shear strength models have been proposed by researchers, for either clean or 
infilled rock discontinuities. Those models suggested for CNS conditions are summaries 
below. 
2.4.1 Clean Discontinuities 
2.4.1.1 Heuze’s (1979) analytical model 
Heuze (1979) suggested that the peak shear strength of rock discontinuities can be expressed 
as a piecewise function. When the normal stress applied on the discontinuity surface is lower 
than the critical normal stress, the peak shear strength can be determined by : 





















2  (2.10) 
and 𝛷p is the sum of initial dilation angle (at 𝜎n=0) and residual friction angle 𝛷r. 
When 𝜎𝑛  is beyond 𝜎T, dilation will not occur. Peak shear strength can be simply expressed 
as: 
 𝜏p = 𝑐p + 𝜎ntan𝛷r (2.11) 
where ‘𝜎ntan𝛷r’ can be regarded as the residual shear strength. 
As the analytical model was proposed for CNS shear behaviour, it was suggested both the 
external boundary stiffness and the discontinuity normal stiffness controlling the 
discontinuity dilation during shear, and normal stress can be expressed as: 




where, 𝐾n is the external normal stiffness, 𝑘n is the normal stiffness of the rock discontinuity 
itself, and ∆𝑢 is the increment of shear displacement. 
2.4.1.2 Saeb and Amadei’s (1990,1992) graphical method 
Saeb and Amadei (1990) proposed a graphical method based on the CNL shear response to 
predict the shear behaviour under CNS. First of all, normal stress - dilation curve for different 
values of shear displacement is needed (Figure 2.9), which can be derived from a series of 






Figure 2.8 Normal stress versus normal displacement at different shear displacement levels 
(Saeb and Amadei, 1990) 
 
Figure 2.9 Discontinuity response curves for normal stresses 𝜎n ranging between 0 and 20A 





In Figure 2.9, each curve 𝑈𝑖 is constructed using the values of 𝜎n and normal displacement 
versus shear displacement curves shown in Figure 2.9c. The curve 𝑈0  is exactly the 
discontinuity closure vs. normal stress curve in Figure 2.9a, which represents perfectly mated 
rock discontinuity. The following curves 𝑈𝑖  represent the behaviour of the discontinuity under 
normal loading after being dismatched by a shear displacement 𝑈𝑖 . When the dismatching 
degree is large enough (shear displacement is higher than a certain value 𝑈4 ), no further 
dilation will occur hence all curves 𝑈𝑖 (i > 4) coincide with the curve 𝑈4. As 𝜎n increases all 
curves 𝑈𝑖  would approach the curve 𝑈0. 
Figures 2.8-2.9 can be used to predict the shear behaviour of a discontinuity for any load path. 
Figure 2.8 gives four distinct load paths that originated from point A, assuming an initial 
normal stress 𝜎n0 = 4A was applied (A is an arbitrary stress). Under a CNS condition, the 
discontinuity may follow the path AFGHI but it would follow the path ABCDE under CNL or 
AJKLM when no change in discontinuity normal displacement was allowed (i.e. 𝐾n = ∞). 
Finally, if the external normal stiffness applied on the discontinuity surface increases due to 
dilation during shear, the path ANPQR would occur. 
2.4.1.3 Saeb and Amadei’s (1992) mathematical model 
Based on their graphical analysis, Saeb and Amadei (1992) suggested that not only normal 
stress 𝜎n  but also shear displacement u determine the overall normal displacement 𝑣  of a 
discontinuity. Hence they established the following mathematical expression (2.13) based on 
the peak secant rate of dialation (2.14) given by Ladanyi and Archambault (1969): 





tan⁡(𝑖0) + 𝑓(𝜎n) (2.13) 






where, 𝑖0 is the initial dilation angle, and 𝑘2 is an empirical constant with a value of 4, as 
suggested by Ladanyi and Archambault (1969). 
𝑓(𝜎n) in Eq. (2.13) is a function of 𝜎n independent on shear displacement u, hence Saeb and 
Amadei (1992) adopted the hyperbolic function proposed by Bandis et al. (1983b) to describe 













where, 𝑉m is the maximum discontinuity closure and 𝑘ni is the initial normal stiffness of the 
discontinuity itself when zero normal stress is applied. 
Then by differentiating Eq. (2.15) the following formulation can be obtained, which relates 






















Eq. (2.16) can be rewritten in a more compact form as: 
 𝑑𝜎n = 𝑘nn𝑑𝑣 + 𝑘nt𝑑𝑢 (2.17) 
where, 𝑘nn = 𝜕𝜎n/𝜕𝑣 and 𝑘nt = 𝜕𝜎n/𝜕𝑢. 




By analogy they proposed the following expression for shear stress as it depends on both 
normal and shear displacement: 
 𝑑𝜏 = 𝑘tn𝑑𝑣 + 𝑘tt𝑑𝑢 (2.18) 
where 𝑘tn=⁡𝜕𝜏/𝜕𝑣 and 𝑘tt = ⁡𝜕𝜏/𝜕𝑢. In order to evaluate these shear stiffnesses, Saeb and 
Amadei (1992) used the two basic models recommended by Goodman (1976) to represent the 
discontinuity shear stress-shear displacement behaviour under constant normal stress. The 
schematic shear stress vs. shear displacement models suggested by Goodman (1976) is shown 
in Figure 2.10. 
 
Figure 2.10 Shear stress vs shear displacement models: (a) constant stiffness model; (b) 
























⁡𝑓𝑜𝑟⁡𝑢𝑝 ≤ 𝑢 < 𝑢𝑟  (2.20) 
 𝜏 = 𝜏𝑟 ⁡𝑓𝑜𝑟⁡𝑢 > 𝑢𝑟 (2.21) 
Using the chain rule of differentiation and equations (2.19), (2.20) and (2.32), Saeb and 
Amadei (1992) calculated the partial derivatives 𝑘tn=⁡𝜕𝜏/𝜕𝑣 and 𝑘tt = ⁡𝜕𝜏/𝜕𝑢 for constant 
displacement model and constant stiffness model respectively. It was found that for both 



















⁡when⁡𝑢 > 𝑢r (2.24) 
By combining Eqs. (2.17) and (2.18), Saeb and Amadei (1992) suggested a general 
incremental formulation for the behaviour of rock discontinuities under shear and normal 











2.4.1.4 Skinas et al.’s (1990) model 
Skinas et al. (1990) suggested that in order to predict the complete shear behaviour of 
discontinuity under CNS, the dilation behaviour with the change of normal stress and shear 
displacement during shearing needs to be firstly understood. 
Similar to Saeb and Amadei’s (1990, 1992) graphical method, their approach also depends on 
the dilation behaviour under CNL (Figure 2.11). The right side of Figure 2.11 contains two 
dilation curves obtained under CNL, while the left side indicates the changing trend in normal 
stress with dilation under CNS. Assume that point 1 on the dilation curve corresponds to 𝜎n𝑖 . 




a new value of 𝑣𝑖+1  which depends on 𝛥𝜎n . This new point 2 will then refer to another 
dilation curve under 𝜎n𝑖+1 on the right side of the CNL curves. The normal displacement at 
point 2 can then be calculated by the combination of: 
 𝑣𝑖+1 = 𝑣𝑖
∗ + (𝑢𝑖+1 − 𝑢𝑖)tan(𝑑n𝑖+1) (2.26) 
 𝜎n𝑖+1 = 𝜎n𝑖 + 𝐾n(𝑣𝑖+1 − 𝑣𝑖) (2.27) 
 
Figure 2.11 The procedure for calculating modelling dilation under CNS (Skinas et al., 1990) 
Here, the concept of mobilised dilation proposed by Barton (1982) was adopted as the method 
of predicting the change of discontinuity dilation under CNL (right side of Figure 2.11). Basic 
functions are as follows: 








where, M is the damage coefficient, and 𝐽𝑅𝐶mob is the mobilised joint roughness coefficient. 
𝐽𝑅𝐶mob was defined by Barton (1982) (Figure 2.12). 
Finally the complete shear stress model under CNS can be expressed as: 







) + 𝛷r] (2.30) 
where 







 𝑣𝑖+1 = 𝑣𝑖








where, 𝐴n is the total area of the discontinuity. 
 
Figure 2.12 Recommended model for mobilized JRC (Barton, 1982) 
2.4.1.5 Seidel and Haberfield’s (2002b) theoretical model 
Seidel and Haberfield (2002b) proposed a theoretical model for predicting both the pre-peak 
and post-peak shear behaviour of soft rock/rock discontinuities under CNS. They summarised 
that the sliding/shearing mechanism governs the shear behaviour of rock discontinuities. For 
triangular discontinuities, these two mechanisms occur independently; while for natural 
discontinuities with complex geometry, sliding, progressive asperity shear and post-peak 
sliding occur simultaneously. 







Seidel and Haberfield (2002b) suggested the following equation to estimate the average shear 
stress required for asperity sliding, which is similar to the model of Patton (1966): 
 𝜏p = 𝜎ntan⁡(𝛷b + 𝑖) (2.33) 
Asperity shearing 
Seidel and Haberfield (2002b) noted that with the increase of shear displacement, the contact 
area between the two discontinuities gradually reduces and is restricted to one asperity face, 
while dilation tends to increase (Figure 2.13). As a consequence normal stress increases, 
partly because of the decrease of the contact area, partly due to the external normal stiffness. 
When normal stress increases to a critical value the asperity can no longer sustain, the 
individual asperity would fail. 
 
Figure 2.13 Reduction of asperity contact area with progressive shear displacement (Seidel 
and Haberfield, 2002b) 
They also found that the asperity failure surface is rotational rather than planar as suggested 
by Patton (1966). Hence the slope stability method proposed by Sokolovski (1960) was 
applied and corrected to predict the global shear stress at failure (𝜏p). 






 𝜉𝑖 = cos 𝑖 + sin 𝑖 tan(𝛷b + 𝑖) (2.36) 








Sokolovski failure stress, and ⁡𝜉𝑖  is a shape factor. Note that 𝜎cr  is a function only of the 
material strength parameters, the load orientation and the asperity angle and calculated 
through the Sokolovski’s analytical solution. 
Post-peak behaviour 
It was observed that post-peak shear did not occur along the curved failure surface, but rather 
on the chord of the curve. The inclination of the chord (𝜌 ) can be deduced using the 






Multiple asperity model 
Note that the above models are restricted to regular triangular discontinuity profiles. For 
irregular discontinuities containig multiple asperities with different angles, the global shear 




∑ 𝑎𝑗𝜎n𝑗 tan(𝛷b + 𝑖𝑗)
𝑛
𝑗=1  (2.38) 
where 𝑎𝑗 , 𝜎n𝑗  and 𝑖𝑗  are the contact area, the vertical stresses, and the angle of the individual 
asperities, respectively. 
Asperity deformation can be calculated by Steinbrenner method: 
 𝑣𝑗 = 𝜎n𝑗
𝐷
𝐸
= 𝑥 tan(𝑖𝑗) − 𝑣 (2.39) 
where 𝑣𝑗  is the vertical displacement of chord j, 𝐷 is the height of the discontinuity sample, 𝐸 
is the elastic modulus of the discontinuity sample, and 𝑣 is the total dilation of the interface. 
The global normal stress boundary conditions under CNS comply with the following equation:  
 ∑ 𝜎n𝑗(𝑠𝑗 − 𝑢)
𝑛
𝑗=1 = 𝐿0(𝜎n0 + 𝐾n𝑣) (2.40) 






2.4.1.6 Haque’s (1999) model 
Haque (1999) introduced the Fourier transform method to model the dilation of 




+ ∑ [𝑎𝑓 cos (
2𝜋𝑓𝑢
𝑢m
) + 𝑏𝑓 sin (
2𝜋𝑓𝑢
𝑢m
)]∞𝑓=1  (2.41) 
where 𝑣𝑢  is the discontinuity dilation with respect to the shear displacement at u, 𝑢m is the 
maximum shear displacement, f is the harmonic numbers related to the accuracy of fitting, 
and 𝑎0 , 𝑎𝑓  and 𝑏𝑓  are Fourier coefficients which can be determined based on experimental 
data. 
Haque (1999) also estimated the Fourier coefficients by subdividing the dilation vs shear 





















Under CNS conditions the normal stress at a certain shear displacement can then be expressed 
as: 




where, ⁡𝑦𝑖  is the average y-coordinate value of segment i, ∆𝜎n,𝑢 is the increment of normal 
stress at a shear displacement 𝑢. 
The shear behaviour under CNS was then studied based on the energy balance principles 
proposed by Ladanyi and Archambault (1969): 
 𝑆 = 𝑆1 + 𝑆2 + 𝑆3 (2.45) 
where 𝑆 is the total shear resistance, 𝑆1 is the component of external work done in dilating 
against external normal stress, 𝑆2  is the component of addition work done against internal 
friction due to dilatancy and 𝑆3 is the component of work done in friction if the sample did 
not change volume during shearing. 
However the above model assumed discontinuity asperities as rigid which do not undergo any 
deformation resulting from applied shear and normal stresses. Hence, Seidel (1993) rewrote 




 𝑆 = 𝜎n,𝑢 tan( 𝑖0) + 𝑆 tan( 𝑖𝑢) tan(𝛷b) + 𝜎n,𝑢 tan(𝛷b) (2.46) 
where, 𝑆 can be substituted by 𝜏𝑢, i.e. the shear stress at the shear displacement of u, while 𝑖𝑢 
represents the dilation angle at the shear displacement u. 
By coupling with the Fourier coefficients, Haque (1999) then suggested a new form of shear 
stress model based on these energy balance principles: 



















2.4.1.7 Lee et al.’s (2014) empirical model 
Lee et al. (2014) conducted a series of direct shear tests on cement mortar replicas of rock 
discontinuities under various levels of normal stiffness, initial normal stress, joint roughness 
coefficient and joint wall compressive strength. In this study, the ratio of the shear stress to 
normal stress was defined as the Surface Resistance Index (SRI). Test results showed that 
before SRI reached the peak point, it showed a liner relationship with the shear displacement, 
i.e. the shear stiffness was constant in the pre-peak range. Also it was suggested that the 
normal displacement in the pre-peak range can be assumed to be zero. Based on these 
assumptions, empirical models of SRI and normal displacement behaviour were proposed by 
using the non-dimensional analytical method. 
Modelling of SRI behaviour 
Four dimensionless terms were defined based on essential parameters: 
 𝑡1 = 𝑆𝑅𝐼P =
𝜏p
𝜎n0
, 𝑡2 = 𝐽𝑅𝐶, 𝑡3 =
𝐽𝐶𝑆
𝜎n0
, 𝑡4 = tan𝛷b (2.48) 
where 𝑆𝑅𝐼P is the peak surface resistance index. 
The formula for the 𝑆𝑅𝐼P was modelled as follows: 
 𝑡1 = 𝛼1𝑡2
𝛼2𝑡3
𝛼3 + 𝑡4 (2.49) 
Through a process of trial and error, the form of this function was chosen to yield the highest 
correlation coefficient. Then, 𝛼1, 𝛼2, and 𝛼3 were computed by regression analysis: 

















where, 𝑘s  is the shear stiffness before reaching peak 𝑆𝑅𝐼 ; 𝑢pn  is the shear displacement 
corresponding to 𝑆𝑅𝐼p. 
The post-peak behaviour of the SRI can be transformed by Eqs. (2.50) and (2.51): 










(𝜎n0 + 𝑖 ∙ 𝑧)⁡(𝑖 = 1,2,3⋯ ) (2.53) 
where 𝑖 represents the number of steps to move to the next path, and 𝑧 is defined as a stress 
variable that controls the interval between each step. 
Modelling of normal displacement behaviour 
Similar to the above modelling process for the SRI behaviour, four dimensionless terms were 










, 𝑡4 = 𝐽𝑅𝐶 (2.54) 
Then, the formula of the normal displacement was modelled as described in Eq. (2.55). 
Similar to SRI, the form of the function with the highest correlation coefficient was selected 
through a process of trial and error, to arrive at 




Finally an empirical model for the normal displacement was given as: 




0.38 ) (𝑢 − 𝑢p)
0.62
 (2.56) 
Hence the normal stress in the post-peak range can be calculated by: 








The shear behaviour can then be predicted by combining Eq. (2.50), (2.51) and (2.57). 
2.4.1.8 Thirukumaran’s (2014a) model 




behaviour of rough discontinuities under CNS conditions: 
 𝜏 = {
𝑘s ∙ 𝑢 𝑖𝑓⁡(𝑘𝑠 ∙ 𝑢) < 𝜏mob
𝜏mob otherwise
 (2.58) 
where: 𝑘s is the shear stiffness; the first part represents the elastic stage at the beginning of 
shearing; 𝜏mob follows the following form: 







where, ?̇? is the dilation rate, and 𝛷b is the basic friction angle of discontinuity material. 


































where, 𝑐0 is the ratio of shear displacement over peak shear displacement at which dilation is 
assumed to begin, which is assumed to be 0.3, and 𝑐1 and 𝑐2 are decay constants. 
























2.4.2 Infilled Discontinuities 
2.4.2.1 Models based on shear strength drop due to infill 
Haque (1999) proposed a Normalised Strength Drop (NSD) based model for the infilled-joint 
shear strength. Compared with clean discontinuities, there was a significant decrease of 
strength for infilled discontinuities. It was observed that the normalised strength drop had a 





where 𝑁𝑆𝐷 = ∆𝜏p/𝜎n0 , and 𝛿1  and 𝛿2  are parameters relating to 𝜎n0  and discontinuity 




 𝜏p,fill = 𝜏p,clean − 𝜎n0 ∙ 𝑁𝑆𝐷 (2.63) 
By substituting the CNS shear strength model shown in Eq. (2.47) for clean discontinuities 
into Eq. (2.63), shear strength model for infilled discontinuities was then given as: 























where 𝑖up is the dilation angle corresponding to peak shear strength. 
For regular triangular discontinuities, it was found that the Fourier coefficients with 
subscripts 𝑛 ≥ 2 had negligible effects on the dilation curve. Hence for such discontinuities, 
the above equation was degraded to 
















2.4.2.2 Models based on cumulative shear strength of rock interface and infill material 
It was found that the constants 𝛿1  and 𝛿2  in Eq. (2.62) were often sensitive to the infill 
material type, and for certain types the hyperbolic fit seems not reasonable. For more accurate 
prediction, Welideniya (2005) proposed a piecewise shear strength model for infilled 
discontinuities based on two algebraic functions 𝐴1  and 𝐴2 , describing the strength 
contribution of rock interface and infill material, respectively. It revealed that there existed a 
critical t/a value ((𝑡/𝑎)cr), and for infilled discontinuities with a t/a beyond (𝑡/𝑎)cr, the infill 
material will dominate the overall shear strength. 
If 𝑡/𝑎 = 0 
 𝜏p/𝜎n = tan(𝛷b + 𝑖) (2.66) 




= 𝐴1 + 𝐴2 = tan(𝛷b + 𝑖) × (1 − 𝑋)










= tan𝛷fill (2.68) 
where 𝑋 is the ratio of 𝑡/𝑎 to (𝑡/𝑎)cr, 𝛷fill is the peak friction angle of infill, and 𝑎1 and 𝑎2 




cohesive intercept 𝑐/𝜎n should be added in Equations (2.67) and (2.68). 
Later Mylvaganam (2007) extended the above model for over-consolidated infilled 
discontinuities. It was observed that (𝑡/𝑎)cr was a function of the OCR, and a ratio 𝑋oc,𝑛 was 





where the subscript (cr, 𝑛) represents the critical value for discontinuities with OCR = n, 
while (oc, 𝑛) represents the value for discontinuities at OCR = n. 
The zones of interfering and non-interfering were defined based on 𝑋oc,𝑛 . Proposed 
conceptual model for over-consolidated infilled discontinuities is plotted in Figure 2.14.  
 
Figure 2.14 Shear strength model for over-consolidated infilled discontinuities (Mylvaganam, 
2007) 
Normalised shear strength models for the interfering and non-interfering zones are expressed 
separately as follows: 






= 𝐴1𝑛 + 𝐴2𝑛 = tan(𝛷b + 𝑖) × (1 − 𝑋oc,𝑛)
𝑎1
+ tan𝛷fill































′ × 𝑂𝐶𝑅𝛿  (2.71) 
where 𝜎n
′ is the effective normal stress, 𝛷fill
′  is the effective friction angle of the infill material, 
and 𝛿 is an empirical constant. 
2.4.2.3 Shear-displacement criterion for infilled rock discontinuities 
The previously mentioned conceptual models proposed by Welideniya (2005) and then 
modified by Mylvaganam (2007) can only predict the peak shear strength of an infilled 
discontinuity. In order to fully describe the discontinuity shear behaviour, Oliveira (2009) 
introduced a parameter 𝛾 which describes the ratio of sliding surface in contact with the rock 
asperity to the total length of sliding surface and modified the functions 𝐴1 and 𝐴2 as follows: 
 𝐴1 = tan(𝛷b + 𝑖r)𝛾 (2.72) 
 𝐴2 = tan(𝛷fill + 𝑖fill)(1 − 𝛾) (2.73) 
where 𝑖r is the asperity angle at the tip, and 𝑖fill is the slope angle of the sliding surface within 
the infill. The function 𝐴1 was modified to capture the energy balance principles as proposed 




∙ 𝛾 (2.74) 
Finally the shear stress was given as: 






∙ 𝛾 + tan(𝛷fill + 𝑖) (1 − 𝛾)] (2.75) 
2.4.3 Influence of Unsaturated Infill on Discontinuity Shear Strength 
2.4.3.1 Shear strength of unsaturated soil 
Infill materials inside natural filled discontinuities can be either saturated or partially 
saturated, depending on the groundwater or climate patterns. Compared with the saturated 
situation, the unsaturated soils can exhibit distinct volume, strength and hydraulic 
characteristics. Hence to study the shear strength of infilled rock discontinuities, the shear 




Bishop and Blight (1963) modified the classical Mohr-Coulomb failure criterion for saturated 
soils to model the unsaturated soil strength. Effective normal stress at unsaturated conditions 
was expressed as 
 𝜎n
′ = (𝜎n − 𝑢g) + 𝜒(𝑢g − 𝑢w) (2.76) 
where 𝜎n is the total normal stress, 𝑢g and 𝑢w represent the pore air pressure and pore water 
pressure, respectively, (𝜎n − 𝑢g) is the net normal stress, (𝑢g − 𝑢w) is the matric suction, 
and 𝜒 is an effective stress parameter varying from 0 for a completely dry condition and 1 for 
a fully saturated condition. 
Hence the Bishop shear strength model was in the form of 
 𝜏p,un = 𝑐
′ + [(𝜎𝑛 − 𝑢g) + 𝜒(𝑢g − 𝑢𝑤)] tan(𝛷
′) (2.77) 
where, 𝜏p,un is the unsaturated shear strength; and 𝑐
′ and 𝛷′ are the effective cohesion and 
effective friction angle under saturated condition. 
Since the effective stress parameter 𝜒 in Eq. (2.77) was difficult to determine, Fredlund et al. 
(1978) proposed the following shear strength model based on two independent stress state 
variables: 
 𝜏 = 𝑐′ + (𝜎𝑛 − 𝑢g) tan(𝛷
′) + (𝑢g − 𝑢𝑤) tan(𝛷
b) (2.78) 
where, 𝛷b is the friction angle relating to matric suction which decreases non-linearly with 
the increase in matric suction (Gan et al., 1988; Vanapalli et al., 1996b; Rassam and Williams, 
1999; Lee et al., 2005). 
Basically the unsaturated shear strength models reported in the literature (Vanapalli et al., 
1996b; Öberg and Sällfors, 1997; Khalili and Khabbaz, 1998; Tekinsoy et al., 2004) can be 
categorised into fitting and prediction type equations. For the fitting type models, at least one 
parameter needs to be obtained by matching the unsaturated shear strength measurements to 
the calculated data. One of the disadvantages is that the laboratory experiments on the shear 
strength of unsaturated soils are costly and time-consuming. On the other hand, such 
unsaturated shear strength measurements are not necessarily needed in the prediction type 
models. The saturated shear strength parameters and Soil-Water Retention Curve (SWRC) 




convenient for a preliminary estimation of the unsaturated shear strength. Typical models 
among both types of equations are summarised below. 
Fredlund et al. (1996) found that the ratio of two friction angles 𝛷b and 𝛷′ is a function of 











where 𝛩(𝑢g−𝑢w) and 𝜃(𝑢g−𝑢w) are the normalised volumetric water content and the volumetric 
water content at a matric suction equal to (𝑢g − 𝑢w) , respectively, 𝜃𝑠  is the saturated 
volumetric water content, and d is a fitting parameter. 
Hence Eq. (2.78) was rewritten as: 
 𝜏 = 𝑐′ + (𝜎n − 𝑢g) tan(𝛷
′) + (𝑢g − 𝑢w) [𝛩(𝑢g−𝑢w)]
𝑑
tan(𝛷′) (2.81) 
Eq. (2.81) was later extended by Vanapalli et al. (1996b) to avoid the fitting parameter d: 
 𝜏 = 𝑐′ + (𝜎n − 𝑢g) tan(𝛷





 𝜏 = 𝑐′ + (𝜎n − 𝑢g) tan(𝛷





where Sr is the degree of saturation, 𝜃 is the volumetric water content, 𝑆r,res and ⁡𝜃r are the 
residual degree of saturation and residual volumetric water content, respectively, which can 
be obtained from the corresponding SWRCs. 
Garven and Vanapalli (2006) proposed an empirical relationship between the fitting 
parameter d in Eq. (2.81) and the plasticity index 𝐼p of the soil: 
 𝑑 = −0.0016𝐼p
2 + 0.0975𝐼p + 1 (2.84) 
Goh et al. (2010) suggested a prediction-type shear strength equation as follows: 
 𝜏 = 𝑐′ + (σn − 𝑢g) tan(𝛷
′) + (𝑢g − 𝑢𝑤) tan(𝛷
b) (2.85) 
where 
if (𝑢g − 𝑢w) < 𝐴𝐸𝑉 




if (𝑢g − 𝑢w) ≥ 𝐴𝐸𝑉 
 𝜏 = 𝑐′ + [(σn − 𝑢g) + 𝐴𝐸𝑉] tan(𝛷
′) + [(𝑢g − 𝑢w) − 𝐴𝐸𝑉]𝑏Θ
𝑑 tan(𝛷′) (2.87) 
 𝑑 = [log(𝑢g − 𝑢𝑤) − log(𝐴𝐸𝑉)]
𝑦
 (2.88) 
where, 𝐴𝐸𝑉 is the air entry value of the soil, and y and b are controlling parameters. 
They also suggested that the parameters y and b for drying path can be estimated using 
 𝑦dry = 0.502 ln(𝐼p + 2.7) − 0.387 (2.89) 
 𝑏dry = −0.245{ln[𝑛dry(𝐼p + 4.4)]}
2
+ 2.114{ln[𝑛dry(𝐼p + 4.4)]} − 3.522 (2.90) 
where the subscript ‘dry’ represents the parameters for drying path, 𝑛 is the fitting parameter 
in the SWRC model proposed by Fredlund and Xing (1994). 
For the wetting path, these two parameters can be represented as 
 𝑦wet = 3.55𝑦dry − 3.00 (2.91) 
 𝑏wet = 0.542𝑏dry (
𝑛dry
𝑛wet
) + 0.389 (2.92) 
Miao et al. (2001) proposed an empirical hyperbolic function to predict the influence of 
matric suction on the unsaturated shear strength: 





where s is the soil matric suction, and g and h are curve-fitting parameters. 
Vilar (2006) further indicated that the parameters g and h in Eq. (2.93) can be accurately 









where, 𝑐𝑢𝑙𝑡  is the total cohesion intercept when matric suction approaches infinity i.e. when 
specimens are completely dried. Alternatively, if a suction-controlled test was conducted with 
the suction level higher than the maximum suction expected in the problem under analysis, 













matric suction of the test. 
2.4.3.2 Shear strength for unsaturated soil interfaces 
Potyondy (1961) proposed the following interface shear strength model by introducing a 
cohesion reduction factor 𝑓𝑎  and a friction reduction factor 𝑓𝛷  into the Mohr-Coulomb 
equation 
 𝑓𝑎 = 𝑐𝑎
′ /𝑐′⁡ (2.97) 
 𝑓𝛷 = 𝛿
′ 𝛷′⁄  (2.98) 





′  is the effective soil adhesion, and 𝛿′ is the effective interface friction angle. 
Miller and Hamid (2007) suggested that the interface shear strength model in unsaturated soil 
has a similar form as Eq. (2.78): 
 𝜏p = 𝑐a
′ + (𝜎n − 𝑢g) tan 𝛿
′ + (𝑢g − 𝑢w) tan(𝛿
b) (2.100) 
where, 𝛿′ is the interface friction angle in terms of (𝜎n − 𝑢g), and 𝛿
b is the interface friction 
angle in terms of (𝑢g − 𝑢w). 
Hamid and Miller (2009) also suggested that the shear strength of interface in unsaturated soil 
can be expressed in the form of Eq. (2.83): 
 𝜏p = 𝑐𝑎
′ + (𝜎n − 𝑢g) tan(𝛿





2.4.3.3 Shear strength of unsaturated soil-filled rock discontinuities 
So far only a few models have been proposed to predict the shear strength of rock 
discontinuities filled with unsaturated materials. 
(1) Premadasa’s (2013) model 
To consider the influence of infill degree of saturation, Premadasa (2013) modified the model 
proposed by Welideniya (2005) to predict the shear strength of unsaturated material-filled 
natural discontinuities. Figure 2.15 illustrates the conceptual development of this model. 




Choubey, 1977), which described the dilation angle for natural discontinuity profiles. 
Function 𝐴2  adopted the unsaturated shear strength model proposed by Vanapalli et al. 
(1996b) to include the infill matric suction and degree of saturation, thus 
 𝐴1 = 𝜎n × tan (𝛷b + 𝐽𝑅𝐶 log10 (
𝐽𝐶𝑆
𝜎n
)) × (1 − 𝑋s)
𝑎1  (2.102) 












 𝑐t = 𝑐





where 𝑋s  is the normalised infill thickness at a given degree of saturation 𝑆r , (𝑡/𝑎)s  and 
(𝑡/𝑎)cr,s are the mean value and critical value of t/a at a certain 𝑆r, respectively. 
 
Figure 2.15 Peak shear strength model considering the effect of infill unsaturation (Premadasa, 
2013) 
Thus, for the rock-infill interference zone (𝑋s < 1): 
 𝜏p = 𝜎n × tan (𝛷b + 𝐽𝑅𝐶 log10 (
𝐽𝐶𝑆
𝜎n
)) × (1 − 𝑋s)
𝑎1 + 𝑐t 










































 𝜏p = 𝑐t + [(𝜎n − 𝑢g) tan𝛷
′] (2.107) 
Despite very good prediction to the laboratory results, this model ignores the void ratio-
dependency and hydraulic hysteresis of the SWRC models, as well as the changes in degree 
of saturation, matric suction and void ratio of the infill layer during the shear process. 
(2) Khosravi et al.’s (2017) model 
Khosravi et al. (2017) modified the empirical model proposed by Mylvaganam (2007) to take 
the influence of infill degree of saturation and hydraulic hysteresis into account. The double 
hardening concept (Khosravi and McCartney, 2012) was adopted to describe the movement 
of yield surface under a hydro-mechanical loading. The parameter OCR in Eq. (2.70) and 












) exp[𝑗(1 − 𝑆e)] (2.108) 
where 𝜎𝑐0
′  and 𝜎𝑐
′ are the mean apparent pre-consolidation stress in saturated and unsaturated 
conditions, respectively, 𝑆e is the effective degree of saturation, 𝜎n
′  is the current unsaturated 
effective stress defined as 𝜎n
′ = 𝜎net + 𝑠 ∙ 𝑆e , Δ𝑒
p  is a plastic change in void ratio from 
saturated to an unsaturated state, 𝛼 is the slope of the virgin compression curve, 𝜅 is the slope 
of the elastic rebound curve, and 𝑗 is the double-hardening parameter that governs the rate of 
changes in 𝜎𝑐
′ caused by changes in 𝑆e. 
During pre-consolidation for unsaturated soil specimens in the laboratory, the axis-translation 
technique is usually used. The specimen is first saturated and consolidated under a pre-
consolidation stress 𝜎𝑐0
′ , and then either pore air pressure or pore water pressure is changed to 
obtain a desired suction value (𝑠 = 𝑢g − 𝑢w). In this de-saturation or drying process, if the 





′ exp[𝑗(1 − 𝑆e)] (2.109) 
and the SWRC model for drying path needs to be incorporated. On the other hand, if the 
specimen is wetted from an initial dry state before applying the current normal stress, the 
SWRC model for wetting path needs to be adopted in Eq. (2.108). The effect of hydraulic 




In essence, the model of Khosravi et al. (2017) captured the effects of both stress history and 
hydraulic history (drying or wetting) on the shear strength of infilled discontinuities. However, 
the changes of infill parameters such as void ratio, degree of saturation and matric suction in 
the shear process were not taken into account, and the model needs further verification under 
different paths of hydro-mechanical loading. 
2.4.3.4 Measurement of matric suction 
Since matric suction is one of the most important components of the unsaturated soil effective 
stress, it is essential to conduct accurate measurement of infill matric suction or negative 
pore-water pressure. 
Various methods have been developed to measure the soil total suction or matric suction and 
determine the SWRC, as shown in Table 2.2 (Fredlund et al., 2012). Note that the value of 
total suction and matric suction is comparable when there is no salt contaminating the soil. 
Direct measurement methods include all kinds of traditional tensiometers such as the jet-fill 
tensiometers, the small-cap tensiometers, and the Quick Draw densitometers. However these 
types of instruments can only measure matric suction up to 90 kPa due to cavitation. In the 
1990s high-capacity tensiometers emerged (Ridley and Burland, 1993), which could hold a 
water tension as high as 1,500 kPa after carefull saturation. Indirect measurement methods 
include using the hanging column apparatus, pressure extractor, chilled mirror hygrometers, 
centrifuge, filter paper, psychrometers, thermal conductivity sensors and electrical resistance 
sensors. Each of them corresponds to a suitable measurement range, as shown in Table 2.2. 
During shear testing, unsaturated infill material is compacted and loaded under a specific 
normal stress, hence the matric suction and related SWRC should be measured under the 
same loading conditions. Compared with other methods, the tensiometers and the thermal 
conductivity sensors are more appropriate to measure as-compacted soil suction in the 
laboratory. However, the thermal conductivity sensor has a varying calibration line for 
different soil type, and the calibration procedure is very complex and time-consuming. 
Otherwise, the axis-translation technique adopted in the pressure extractor can also be 




tensiometers and the axis-translation technique are introduced as follows. 






Hanging column 0-80 Suitable for coarse soils with little fines 




Performed under isothermal conditions in a 
sealed container 
Centrifuge 0-120 Suitable for coarse soils 
Filter paper 10-100,000 




0-90 Narrow measurement range 
High-capacity 
tentiometers 
0-1,500 Careful saturation needed 





Calibration line varies with soil type, and 




0-200 Measurement value not reliable 
 
(1) High Capacity Tensiometers 
So far large numbers of researchers have developed reliable high-capacity tensiometers for 
laboratory and field measurements (Take and Bolton, 2003; Cunningham et al., 2003; 
Tarantino and Tombolato, 2005; Li and Zhang, 2014). The High Capacity Tensiometer (HCT) 
basically includes three important components: a water reservoir, a measurement diaphragm, 
and a porous ceramic disc with high Air Entry Value (AEV) (e.g. 0.3, 0.55 and 1.5 MPa). 
These porous stones play a significant role, which determine the maximum measurement 
range of matric suction (theoretically below the air entry value of ceramics). Figure 2.16 
shows the schematics of several HCTs reported in the literature. The HCT performance has 
been improved gradually in the last decade. Meilani et al. (2002) suggested that thinner 
ceramic discs can reduce response time during the suction measurement. Ridley and Burland 
(1993) verified that a smaller volume and surface area of the water reservoir inside the HCT 
could help minimise possible cavitation on nucleation sites. Ridley and Burland (1995) 
suggested that any materials leading to nucleation inside HCT such as O-ring or elastomers 
should be eliminated, and Delage et al. (2008) advised that using epoxy or copper gasket as 




high-capacity tensiometer by replacing the traditional ceramic stone with a 42 MPa AEV 
nanoporous glass. Despite the capacity of measuring water tension to 7 MPa, the application 
of this tensiometer is limited by the fragility and easy cracking of the glass material during the 
tensiometer saturation process. 
 
Figure 2.16 High capacity tensiometers reported in the literature (Ridley and Burland, 1995; 
Tarantino and Mongiovì, 2002; Marinho and de Sousa Pinto, 1997; Toker, 2002; Guan and 
Fredlund, 1997; Sjoblom, 2000; Take and Bolton, 2003; GE, 2008; Lourenço et al., 2006b; Li 
and Zhang, 2014) 
The HCT should be rigidly saturated and pressurised first before installation and 
measurement. Ridley and Burland (1999) highlighted the necessity of careful initial saturation 
of the ceramic disc under vacuum using de-aired water, before pressurisation. The influence 
(GE-Druck, 2008)




of different saturation procedures was also investigated thoroughly by Take and Bolton 
(2003). They compared the response of HCT after three different saturation procedures: (a) 
saturation under atmosphere and then vaccum; (b) saturation under vacuum; (c) oven drying 
followed by saturation under vacuum. After initial saturation, several cycles of pressurisation 
were then applied, including one hour of 1000 kPa pressurisation followed by one hour of 
absolute pressure below 1 kPa. In case (a), the HCT with 3 bar filter failed to measure any 
tension even after four cycles of pressurisation. In case (b), a matric suction higher than the 
filter AEV (3 bar) could be sustained after two cycles of pressurisation. Then in case (c), the 3 
bar HCT obtained very quick response down to -530 kPa after only one cycle of 
pressurisation, indicating a sufficient saturation. 
Various pressurisation procedures have been followed after initial saturation. Guan and 
Fredlund (1997) observed that it was the number of pressurisation cycles rather than the 
pressure magnitude and duration that dominated the final effect. According to their tests, the 
maximum sustainable tension reached after six cycles of pressurisation, including one hour of 
12 MPa pressure followed by one hour of 15 kPa absolute pressure. A similar positive-
negative pressurisation procedure was also adopted by Take and Bolton (2003). On the other 
hand, Ridley and Burland (1995) pressurised a 1.5 MPa-AEV HCT using 4 MPa constant 
pressure for 24 hours after initial saturation under vacuum, and observed that it could hold a 
water tension higher than the nominal AEV. Such procedure of applying a continuous and 
constant high pressure for a period of time was also adopted by Tarantino and Mongiovı` 
(2002), Meilani et al. (2002), Lourenço et al. (2006a) and Cui et al. (2008). 
Another experimental procedure that can be employed to improve both measurement range 
and measurement duration is by subjecting the tensiometers to repeated cycles of cavitation 
(e.g. induced by placing the tip of a tensiometer in contact with a dry sample) and subsequent 
pressurisation. Tarantino and Mongiovı` (2002), Toker (2002) and Take and Bolton (2003) all 
proved its beneficial effect. 
During installation and measurement, good contact between the ceramic disc and the soil is 
also essential to obtain reliable values of matric suction. Taking no contact as an extreme 




filter and the air in the gap is established. To overcome this issue, a small amount of slurry is 
usually placed on the tip of the tensiometer so that an intimate contact can reach between the 
ceramic disc and the measured soil. It was also found that a slurry with water content near its 
liquid limit and that has a similar particle size as the measured soil is helpful to impove the 
reliablity and reduce the response time of the HCT (Boso et al., 2005; Oliveira and Marinho, 
2008). 
(2) Axis Translation Technique 
Traditional tensiometer measurements had long been limited to matric suction values up to 80 
kPa until the development of Axis translation technique (Richards, 1941). Figure 2.17(a) 
shows the working principle of this technique in the typical case where the pore is subjected 
to atmospheric air pressure (i.e. zero gauge pressure), while the water pressure is less than 
atmospheric. If enclosed and subjected to an elevated air pressure, the system would respond 
as shown in Figure 2.17(b), assuming the water and solid boundaries are sufficiently 
incompressible that the curvature of the meniscus interface is not significantly altered (Olson 
and Langfelder, 1900). Hence according to the equation of state of fluids proposed by van der 
Waals (Eq. (2.110)), the pressure difference (𝑢𝑎 − 𝑢𝑤), or matric suction, will not change. In 




) (𝑉 − 𝑟) = 𝑅𝑇a (2.110) 
where, p is pressure, V is molar volume, R is universal gas constant, 𝑇a  is absolute 
temperature, and q and r are the van der Waal’s constants depending on the type of fluid. 
 




A schematic of this technique for the measurement of matric suction in unsaturated soils is 
illustrated in Figure 2.18. Such technique is also widely used to control or impose a given 
matric suction. Gan et al. (1988) modified the conventional direct shear apparatus by 
enclosing the whole system and controlling the pore-air and pore-water pressures, as shown 
in Figure 2.19. 
 
Figure 2.18 Use of the axis translation technique to avoid metastable states. (a) atmospheric 
conditions; (b) axis-translation (Marinho et al., 2008) 
 





An adequate saturation of the porous ceramic disc is also essential for successful 
measurements for the axis translation technique. If the ceramic disc fails to be sufficiently 
saturated or if the water reservoir contains some bubbles, any measured water volume 
changes corresponding to changes in applied matric suction are meaningless. Typically two 
stages are applied to achieve adequate saturation: firstly evacuate the air chamber above the 
ceramic before introducing water into the cell, and then pressurise the system to a high 
positive water pressure. 
There are some arguments on the axis translation technique (Delage et al., 2008). Although 
this approach is well established for investigating unsaturated soil behaviour, it may not truly 
represent field conditions where air pressure is atmospheric and water pressure is negative. 
2.5 Summary 
This chapter presents previous research on the shear strength of rock discontinuities in detail, 
highlighting the effects of an unsaturated infill layer and the Constant Normal Stiffness (CNS) 
boundary conditions. 
When referring to soil-rock engineering problems, the effective stress principle has to be 
considered as the foundation to apply conventional mechanics of solids (e.g. elastoplasticity, 
viscoplasticity, wave propagation and numerical methods) to soil-rock mechanics. For 
unsaturated soils, the matric suction and degree of saturation are among the most important 
components of effective stress, which may vary largely with the change in void ratio. It is 
important to capture the real values of these variables during infilled discontinuities shearing. 
However, such mechanisms have not been recognised thoroughly. Shear strength models 
proposed so far tend to ignore the changes of infill parameters such as void ratio, degree of 
saturation and matric suction during shear. The real-time measurement of the soil matric 
suction in the conventional laboratory direct shear apparatus is still a big challenge. One of 
the most promising measurement techniques, the high capacity tensiometer, is subject to its 
measurement range and unable to measure the suction change of very dry soils. Direct shear 
testing tends to be the most common way when studying the joint shear, however researches 




boundary conditions. Numerical simulation seems to be a more feasible way of investigating 
the unsaturated-material-filled joint shear behaviour, having the benefit of tracing any 
unsaturated soil variables without difficulty, yet related studies are few. In addition, when 
conducting direct shear tests, the influences of the boundary conditions of infill layer in the 
direction parallel to the shear plane are not studied thoroughly. 
In summary, studies relating to the unsaturated infill layer effects on the discontinuities 
strength still remain incomplete, especially those at CNS direct shear conditions. Both 
laboratory experimentation and numerical modelling are needed in this area to better 





  Chapter 3
Constant Normal Stiffness (CNS) Direct Shear Tests of 
Discontinuities Filled with Unsaturated Materials 
 
3.1 Introduction 
Direct shear tests are commonly adopted to investigate the shear behaviour of infilled rock 
discontinuities. A CNS normal boundary condition is often applied during testing to simulate 
dilation-confined scenarios. When filled with partially saturated materials, the discontinuity 
behaviour is more complex. More parameters such as infill degree of saturation and matric 
suction are involved in the effective stress principle, compared with saturated cases. Changes 
in infill water content may significantly influence the shear strength of these unsaturated-
material-filled discontinuities. However so far, only a few laboratory investigations have 
focused on discontinuity shear containing unsaturated infill. Most of them were conducted 
under triaxial testing conditions (Premadasa, 2013; Khosravi et al., 2016), while related direct 
shear testing is rare. Considering that conventional triaxial testing on unsaturated specimens 
is costly and time-consuming, the CNS direct shear apparatus at the University of 
Wollongong was employed in this study. To analyse the effect of infill water content, the 
infill matric suction and SWRC characteristics are the critical parameters which depend on 
the infill loading condition and void ratio. Hence the infill suction needs to be measured 
directly during shearing. This chapter introduces the measurement method of infill matric 
suction adopted in this study, the specimen preparation, the CNS direct shear apparatus, and 
the detailed laboratory testing plan and procedure. 
3.2 Infill Matric Suction Measurements  
In this study, two High Capacity Tensiometers (HCT) were developed to directly measure the 
infill matric suction. A pore-water pressure transducer (i.e. EPB-PW from Measurement 
Specialties Ltd) with a high air entry (15 bar) ceramic tip was used. This type of transducer 
was selected because it is suitable for the infilled-joint shearing environment. Some of its 




 small size (6.4×11.4 mm), which minimises the influence of installation on the 
discontinuity surface roughness and strength; 
 IP68 ingress protection, suitable for soil and water environment; 
 robust titanium construction, which reduces the damage risk of the sensor body 
during shear; 
 high maximum pressure range (35 bar), full capacity for high pre-pressurisation 
during sensor saturation; 
 tiny volume of water reservoir of 9.65 mm3  with only 0.3 mm between the ceramic 
disc and the sensor diaphragm, which reduces the formation of nucleation and 
cavitation; 
 matched high porous ceramic discs (with nominal AEV of 1500kPa or 500kPa); 
 resilient diaphragm which can bear both negative and positive pore water pressure, 
and support simple calibration procedure by extrapolating the calibration line 
obtained from the positive range into the negative range. 
Figure 3.1 shows the schematic of the EPB-PW sensor and the size of the porous ceramic 
discs. 
   
Figure 3.1 schematic of EPB-PW (left) and the size of the porous disc (right) (TE, 2016) 
Before installing the HCTs into the infilled discontinuity specimens, rigorous saturation of the 




the HCTs were based on the procedures outlined in past studies (Marinho and Chandler, 1994; 
Guan and Fredlund, 1997; Ridley and Burland, 1999; Tarantino and Mongiovì, 2002; Meilani 
et al., 2002; Take and Bolton, 2003; Lourenço et al., 2006b; He et al., 2006; Cui et al., 2007). 
It consisted of a vacuum system (JAVAC double stage high vacuum pump, with the gauge 
having an accuracy of ± 2 kPa), a pressurisation system (2 MPa GDS water pressure 
controller with accuracy of ± 1 kPa), a saturation chamber, and a de-airing chamber. The 
tensiometers were embedded to the bottom of the saturation chamber through two Swagelok 
Adapters. The schematic and the photograph of the saturation system are shown in Figure 3.2 
in detail. The saturation procedure included a number of cycled vacuum and pre-
pressurisation stages (minimum of 3 cycles). Subsequently the HCT readings were calibrated 
for positive water pressures, followed by saturation quality check via examining whether 
cavitation occurred upon sustaining a suction close to 15 bar. In order to prevent evaporation-
induced cavitation, the HCT ceramic tip was covered by kaolin wet paste during installation 
in the direct shear apparatus. In addition, a very thin layer (< 0.5 mm) of wet paste was 
applied to ensure good contact between the ceramic tip and the infill material (e.g. Boso et al. 
(2005)). The calibration was checked in the beginning of each test for eliminating possible 
shift of the calibration line. The procedure adopted is outlined in the flowchart shown in 
Figure 3.3. 
 
Figure 3.2 Saturation system for the HCTs: (a) schematic of the saturation system; (b) 




























Figure 3.3 Flow chart for the HCT saturation, calibration and measurement procedures 
3.3 Specimen Preparation 
3.3.1 Selection of Discontinuity Model Material 
In this study, discontinuities within soft sedimentary rocks were simulated by mixing the high 
strength gypsum plaster (CaSO4 hemihydrate, 98%) with water at the ratio of 7:2 (plaster: 
water) by weight. Tilt table tests carried out on planar clean discontinuities of this synthetic 
rock indicated a basic friction angle 𝛷b of 30º. Cured cylindrical specimens with a height to 
diameter ratio of two gave an average unconfined compressive strengths (σc) of 65.6 MPa and 
Young’s modulus (E) of 19.3 GPa (Thirukumaran, 2014b). As the gypsum specimens were 
fully saturated before testing, uniaxial compressive tests were conducted after saturation, as 
shown in Figure 3.4. Results indicated that both σc and E decreased significantly to 26.4 MPa 
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< 0.4% (3.1) 
 0.25 < 𝜈 < 0.35 (3.2) 
According to Indraratna (1990), this material is appropriate for modelling soft sedimentary 
rocks, even after full saturation. 
   
Figure 3.4 Uniaxial compressive testing for fully saturated gypsum samples 
3.3.2 Selection of Infill Material 
In this study, a mixture of fine sand (25%) and commercial kaolin (75%) was selected as the 
infill material. Consolidated Undrained (CU) triaxial tests on this material indicated an 
effective internal friction angle (𝛷 ') of 21° and a cohesion intercept (c') of 13.4 kPa 
(Premadasa, 2013). Liquid limit and plastic limit of the infill material were obtained using the 
fall-cone method following soil testing methods of PRC (SL237-1999). As shown in Figure 
3.5, solid-diamond symbols in the log-log graph are experimental results, while open squares 
represent points with penetrations of 17 mm and 2 mm, corresponding to the Liquid Limit 
(LL) of 36 and the Plastic Limit (PL) of 21, respectively. The infill material is then classified 





Figure 3.5 Illustration of the fall-cone apparatus (left) and a plot of the cone penetration vs. 
infill water content (right) 
The compaction characteristics of the infill material were then established. A range of 
specimens having different water content were statically compacted in the CNS apparatus. 
Normal load was applied with a constant rate of 40 kPa/min and then maintained at three 
different levels (i.e. 0.5, 1.0 and 1.5 MPa) for 30 min. Standard Proctor compaction tests were 
also conducted following Australian Standard (1289.5.1.1, 2017) for comparison. As shown 
in Figure 3.6, an optimum water content of 17.5% was obtained based on the Standard 
Proctor curve. However, wet sides were not observed for the static compaction curves. This 
might not correspond to the intuitive behaviour first expected, but some other studies on 
statically compacted kaolin have reported similar behaviour (e.g.Venkatarama-Reddy and 
Jagadish (1993)). 
Important index properties of the infill material are summarised in Table 3.1. 
Table 3.1 Index properties of the infill material 
Property Infill material 
Liquid Limit (LL) 36 
Plastic Limit (PL) 21 
Plasticity Index (PI) 15 
% kaolinite 75 
% find sand 25 
Soil classification CL 
Optimum water content (%) (Standard Proctor curve) 17.5% 
Maximum dry density (Mg/m
3
) (Standard Proctor curve) 1.71 























Figure 3.6 Compaction curves of the infill material 
3.3.3 Discontinuity Preparation using 3-D Printing Moulds 
To accurately replicate the behaviour of rock discontinuities in the laboratory, typically 
artificial discontinuity specimens were adopted rather than natural discontinuity specimens. 
The discontinuity models ensure repeatability of the geometric profiles used for various tests. 
In this study, an innovative technique based on 3-D printing was adopted for generating rough 
discontinuity moulds with specific profiles due to its precision and efficiency, and simplified 
two-dimensional irregular discontinuity moulds were employed to prepare the discontinuity 
specimens (Figure 3.7). Two different profiles selected from the standard discontinuity 
roughness profiles (Barton and Choubey, 1977) were considered, having JRCs of 8-10 and 
18-20, respectively. 
The 3-D printed discontinuity moulds were then used to make discontinuity specimens using 
the mixture of gypsum plaster and water as mentioned in Section 3.3.1. The top and bottom 
discontinuity specimens were cast with 120 × 120 × 150 mm and 120 × 120 × 100 mm 
dimensions, respectively. In addition, to facilitate the access of the HCTs to the discontinuity 
shear plane, two machined brass tubes were used. The prepared brass tubes were specially 
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mm lower than the bottom discontinuity surface (for details see Figure 3.8a and Figure 3.9). 
In order to minimise air entrapment during casting, the moulds were vibrated mildly during 
preparation. Subsequently, the specimens were left for an hour to harden before being 
removed and cured under a controlled temperature of 45°C for two weeks. Apart from rough 
discontinuity specimens, planar discontinuities were also casted for comparison. 
 
Figure 3.7 3-D printing procedure for Barton’s discontinuity moulds: (a) Barton’s standard 
discontinuity profiles for JRC = 8-10 and 18-20 respectively (after Barton and Choubey 










    
   
Figure 3.8 (a) the mould and prepared brass tubes; (b) hardening of the gypsum plaster; (c) 
discontinuity specimens fixed inside shear boxes; and (d) bottom shear box with infill 
material, confining collar and HCTs installed 
 
Figure 3.9 Schematic diagram of the shear apparatus with the measurement of infill matric 













1. Lower shear box






8. Hydraulic hand pump
9. LVDT
10. High capacity tensiometer
11. Data logger
12. Constant stiffness flat spring
13. Spring frame

















17.    Tensiometer body
18.    Brass tube with sensor cables
fed through
Planar jointRough joint
Three views of the bottom 


































3.3.4 Preparation of Infilled Discontinuity Specimens 
To prepare the infill material with specific water content, dry powdered kaolin and fine-
grained sand were first blended thoroughly using a mixer. The obtained lean clay was then 
sprayed with specific amount of demineralised water and mixed well. The material was then 
wrapped inside sealed plastic bags and stored in a high-humidity room for at least one week 
for moisture equilibrium. For lower water contents, the infill needs to be sieved through a 
1mm aperture sieve to reduce the aggregate size and ensure the homogeneous water 
distribution. 
After oven-curing of the gypsum specimen, the discontinuity surfaces were sealed with an 
organic waterproof sealant, and then fully saturated to minimise water exchange between the 
gypsum and the infill material during compaction and shearing (Mylvaganam, 2007). An 
extra collar was attached to the bottom shear box around the infilled discontinuity, which 
provided a confinement to the infill layer during compaction (Figure 3.8c). The HCTs were 
then inserted into the brass tube ends below the discontinuity surface, and the infill material 
of a specific mass was spread uniformly over the discontinuity surface within the collar 
(Figure 3.8d). The bottom and top boxes were then placed into the shear apparatus, and the 
infill between the coupled discontinuity surfaces was statically compacted by applying 
vertical stress with a ratio of 40 kPa/minute and then maintained at a constant level (i.e. 0.5, 
1.0, or 1.5 MPa) for 30 min. 
To prepare the infilled discontinuity specimen with a particular t/a ratio, the mass of the infill 
needed is back calculated based on the desired volume of the infill and its void ratio after 
initial compaction, using the following equation: 




where, 𝑚fill is the infill mass needed for a given t/a ratio, 𝑉fill is the volume of the infill after 
compaction, 𝜌b is the bulk density of the infill after compaction, 𝐺s is the specific gravity, w 
is the infill water content, and e is the void ratio of the infill after compaction which can be 





3.4 CNS Direct Shear Apparatus 
The large-scale CNS direct shear apparatus built at the University of Wollongong was 
employed in this study. The apparatus has two steel boxes that can accommodate specimens 
between 120mm and 250mm long. To minimise the scale effect on the shear behaviour of 
discontinuities, 120mm long specimens were tested in this study. The bottom box is fixed on 
a rigid base through bearings and can move only in the shear (horizontal) direction. The 
desired initial normal stress (σn0) is applied by a hydraulic jack, and measured by a calibrated 
load cell. The shear load is applied via the servo-controller and the shear rate and shear 
direction can be accurately controlled and monitored during testing. The apparatus has a 
maximum shear and normal load capacity of 110 kN, and the shearing rate can be adjusted 
between 0.35 and 1.70 mm/min. The dilation and the shear displacement of the discontinuity 
are recorded by LVDTs mounted on the top of the specimen and in the horizontal (shear) 
direction, respectively. Figure 3.9 shows the schematic diagram of the shear apparatus with 
the measurement of infill matric suction. 
A set of spiral springs used to be adopted for simulating the external normal stiffness (Kn) of 
the surrounding rock mass (8.0 kN/mm). However after being used for more than a decade, 
the normal stiffness of these springs was lower at 5 kN/mm when the initial normal stress is 
relatively low. Hence a new flat spring was applied which supplies a constant normal stiffness 
of 7.2 kN/mm. Although this value was less than the stiffness of many natural rock 
discontinuities, it is typically representative of weathered sandstone (Kangaroo Valley, 
Australia) and coal measures rocks such as jointed and interbedded sandstone, shale and 
mudstone (Indraratna et al., 1999). As shown in Figure 3.10, a flat steel plane is placed over a 






Figure 3.10 Modified flat spring with a normal stiffness of 7.2 kN/mm 
 
Note that the stiffness of the new spring is influenced by the whole frame of the CNS 
apparatus. The stiffness of the flat spring was first tested in the Instron Universal Testing 
Machine (Model 8033) located in the High Bay Laboratory at the University of Wollongong. 
The spring was compressed with a loading rate of 2 mm/min, and within the loading range of 
0 to 40 kN. As the discontinuity specimen has a compression area of 120 mm × 120 mm, the 
loading range represents an applied normal stress ranging from 0 to 2.8 MPa. The values of 
vertical displacement and vertical load were recorded during compression. The obtained 
normal load - normal displacement curve in Figure 3.11 shows a spring stiffness of 8.7 
kN/mm. However, if such flat spring is used in the CNS apparatus, its stiffness is modified by 
the whole steel frame of the apparatus and decreases to about 7.2 kN/mm. Figure 3.12 shows 






Figure 3.11 Normal load vs normal displacement for the spring testing 
 
Figure 3.12 Normal stiffness curves obtained from CNS shear testing (test 1: JRC = 9, σn0= 0.5 
MPa, t/a = 0.25, and w = 14.6%; test 2: JRC = 9, σn = 0.5 MPa, t/a = 0.5, and w = 19.9%) 
3.5 Testing Procedure 
A series of CNS undrained direct shear tests were conducted on compacted infilled rock 
discontinuities. All discontinuities were sheared at a relatively fast rate of 0.5 mm/min to 
simulate undrained conditions (Lambe, 1951; Bowles, 1992; de Toledo et al., 1993). Infill 
water contents varied from 11.0% to 27.3%. Three different levels of initial normal stress (0.5 
MPa, 1.0 MPa and 1.5 MPa), and three different values of t/a (0.5, 1.0 and 1.5) were applied. 
To further study the CNS shear behaviour of infill itself, idealised planar infilled 
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discontinuities with infill thickness of 5 mm were also tested under CNS shear for reference. 
Figure 3.13 summarises the testing procedure, and the series of tests scheduled are listed in 
Table 3.2. 
 
Figure 3.13 Flow chart of the testing plan 
Table 3.2 Test series of replicated natural discontinuities and idealised planar infilled 
discontinuities 
Series JRC Infill thickness / mm 
Initial Normal Stress 
/ MPa 
Infill water 




















































  Chapter 4
CNS SHEAR BEHAVIOUR OF ROCK DISCONTINUITIES 
FILLED WITH UNSATURATED MATERIAL 
 
4.1 Introduction 
This chapter describes the laboratory test results investigating the shear behaviour of rock 
discontinuities filled with unsaturated material. Testing procedures have been detailed in 
Chapter 3. The test results are plotted and analysed in terms of the effect of infill water 
content (w), ratio of infill thickness to average asperity height (t/a), Joint Roughness 
Coefficient (JRC), and initial normal stress (σn0), respectively. 
4.2 Shear Test Results 
4.2.1 Effect of Infill Water Content 
Figure 4.1 presents the shear behaviour of infilled discontinuities under various conditions. 
The curves of both shear stress (𝜏) and normal stress (𝜎n) versus horizontal displacement (u) 
are plotted, respectively. Variations of normal displacements (v) are not displayed here, since 
their curve trends are similar to those of normal stress under the CNS conditions. In addition, 
the changes of normalised shear stress (𝜏/𝜎n) with u are illustrated, considering that 𝜎n is not 
constant for the CNS tests. In fact many researchers used the term 𝜏/𝜎n when analysing the 
discontinuity shear behaviour at changing 𝜎n  conditions (Premadasa, 2013; Thirukumaran, 
2014a; Mylvaganam, 2007). The effects of infill water content (w) on the peak shear stress (𝜏p) 
and peak normalised shear stress (𝜏/𝜎n)p under different test conditions are shown as well. 
To be brief, only three tests are selected under each test condition for plotting the curves of 𝜏, 
𝜎n and 𝜏/𝜎n vs. displacement u, while for describing 𝜏p, (𝜏/𝜎n)p and Δt vs. w, all the test data 




Planar discontinuities, t = 5 mm: 
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JRC = 8-10, t/a = 1.0: 










































































































































JRC = 8-10, t/a = 0.5: 
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JRC = 8-10, t/a = 0.25: 
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JRC = 18-20, t/a = 1.0: 
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JRC = 18-20, t/a = 0.5: 
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JRC = 18-20, t/a = 0.25: 




Figure 4.1 The influence of infill water content on the infilled discontinuity shear behaviour 
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The values of shear stress, normalised shear stress and normal stress all vary during shear 
following certain patterns. Generally both the shear stress and normalised shear stress 
increase sharply when shear begins, and after one or two major inflection points (peaks) 
gradually reaches a residual or failure state. Normal stress also changes corresponding to 
discontinuity contraction or dilation. 
Note that there is a strain-hardening behaviour on the normalised shear stress curves shown in 
Figure 4.1-3b. This can be explained using the conventional Mohr-Coulomb criterion 
 𝜏/𝜎n = 𝑐/𝜎n + tan𝛷b (4.1) 
It is clear that the 𝜏/𝜎n plotted here is just a rough approximation of the discontinuity friction 
coefficient “tan𝛷b”. The term “𝑐/𝜎n” tends to increase at the later stage of shearing, as the 
normal stress keeps decreasing. When the infill material has a relatively high cohesion, a 
strain-hardening behaviour will occur on the normalised shear stress curves. 
The influence of infill water content on the peak shear stress and peak normalised shear stress 
is also demonstrated in Figure 4.1. Generally, both 𝜏p and (𝜏/𝜎n)peak  decrease with the 
increase of infill water content. 
4.2.2 Effect of t/a 
Figure 4.2 shows the influence of t/a on the discontinuity shear behaviour under 11 different 
conditions. In each single graph, infill water contents varied by no greater than 1%, while 
JRC and initial normal stress remained constant. The variations of 𝜏, 𝜎n and 𝜏/𝜎n vs. u are 
plotted respectively, similar as those outlined in Figure 4.1. In addition, the effects of t/a 
value on both 𝜏p and (𝜏/𝜎n)peak are plotted in part “d” of each condition. 
The general behaviour of shear stress and normalised shear stress is as follows: In all 11 cases 
the shear stress decreases significantly with the increase of discontinuity t/a. As described 
before, both the shear stress curves and the normalised shear stress curves have one or two 
major inflection points (peaks), depending on the discontinuity roughness and infill thickness. 
Typically there is only one major peak for discontinuities with JRC ≈ 9 and t/a = 1.0, as 




approximately 1.5-4.5 mm, and gradually reaches a residual state. Some 𝜏/𝜎n curves show a 
strain-hardening behaviour similar to results shown in Figure 4.1-3b. Then, the two-peak 
behaviour becomes apparent when t/a decreases. However, discontinuities with thick infill 
layer (t/a = 1.0) and increased roughness (JRC ≈ 19) shown in part “a” of Figure 4.2(8~11), 
also exhibit a two-peak behaviour, which then diminishes when t/a decreases to 0.25. This 
can be explained since there exists a critical t/a value (𝑡/𝑎)cr  for infilled discontinuities (de 
Toledo et al., 1993; Haque, 1999). When t/a is larger than (𝑡/𝑎)cr , the infill material 
dominates the discontinuity shear behaviour, and only one stress peak appears, known as a 
“soil peak”. On the other hand when t/a is smaller, both the infill material and the 
discontinuity asperities contribute, and a two-peak behaviour occurs. First peak (soil peak) is 
mainly controlled by the infill, while the discontinuity asperities prevail on the second peak 
(rock peak). Based on the shear stress curves it can be inferred that the discontinuities with 
JRC ≈ 9 have a (𝑡/𝑎)cr  not larger than 1.0, whereas for discontinuities with JRC ≈ 19, the 
(𝑡/𝑎)cr should be larger than unity. However when the t/a is too small for discontinuities with 
high JRC, only a single “rock peak” would occur. This is because under such conditions the 
shear displacement needed for the discontinuity asperity to contact is too small, and the effect 
of the “soil peak” diminishes. 
On the other hand, with the increase of t/a value, normal stress or dilation, peak shear stress, 
and peak normalised shear stress, all decrease significantly, as shown in part “b” and “d”, 
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4.2.3 Effect of Joint Roughness Coefficient 
Shear behaviour of infilled discontinuities with three levels of JRC are compared in Figure 
4.3. 
(1) 
t/a for rough 
discontinuities 
𝜎n0 Ave. w (2) 
t/a for rough 
discontinuities 
𝜎n0 Ave. w 




















































































































Horizontal Diplacement, u: mm 
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JRC = 9, w = 14.6%
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Horizontal Diplacement, u: mm 
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Horizontal Diplacement, u: mm 
Planar, w = 14.7%
JRC = 9, w = 14.63%
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Horizontal Diplacement, u: mm 
Planar, w = 16.96%
JRC = 9, w = 16.89%

























Horizontal Diplacement, u: mm 
Planar, w = 19.00%
JRC = 9, w = 19.00%













































































































Both the peak shear stress and peak normalised shear stress increase significantly when JRC 
increases, as shown in parts “d” of Figure 4.3. The curve shapes of both shear stress and 
normalised shear stress rely largely on the discontinuity surface profiles. The shear stiffness 
or the normalised shear stiffness before reaching the “rock peak” is much larger when the 
discontinuity is rougher. In addition, dilation behaviour or the increase of applied normal 
stress during shear becomes more distinct when JRC increases. 
4.2.4 Effect of Initial Normal Stress 
The variations of infilled-joint shear behaviour with initial normal stress are illustrated in 
Figure 4.4. The curve shapes of shear stress vs horizontal displacement are almost the same 
when initial normal stress changes, when other influencing parameters are kept constant 
(infill water content fluctuates within ±1%). The curves of normal stress and normalised shear 
stress vs horizontal displacement also show similar behaviour, regardless of the changes of 
initial normal stress. Generally with the increase of initial normal stress, the shear stiffness 
increases, while the normalised shear stiffness decreases. Similarly, the peak shear stress 
increases almost linearly as the initial normal stress increases, while the peak normalised 
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Horizontal displacement, mm 
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Horizontal displacement, mm 
0.5 MPa (w = 19.80%)
0.5 Mpa (w = 19.94%)
1.0 MPa (w = 19.15%)


























Horizontal displacement, mm 
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Horizontal displacement, mm 
0.5 MPa (w = 18.60%)
0.5 MPa (w = 19.00%)
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The influences of four parameters were studied, including the infill water content (w), the t/a, 
the Joint Roughness Coefficient (JRC), and the initial normal stress (σn0). Results suggest that 
both peak shear stress and peak normalised shear stress decrease with the growth of infill 
water content. This is reasonable as matric suction, i.e. the weight of water column within the 
soil pores, tends to compress the soil particle through the air-water surface, leading to an 
increase in the infill strength (Fredlund et al., 2012). The rise of the infill water content 
reduces the height of the capillary tubes formed by the infill pores with small radii, and then 
reduces the matric suction contribution to the total cohesion intercept of the discontinuity 
shear strength (Premadasa, 2013). Such impacts of infill water content need to be well 
recognised in engineering practice, since the field water conditions of discontinuity infill can 
vary significantly. In addition, the effects of t/a, JRC and σn0 on the discontinuity shear 
behaviour all agree well with previous reports (Barton, 1973b; Haque, 1999). Moreover, the 
term “normalised shear stress” may not be appropriate to analyse the infilled-joint shear 
behaviour when the infill matric suction is high. An illusory strain-hardening behaviour may 
occur on the normalised shear stress curves. 
4.4 Summary 
This chapter describes the direct shear behaviour of rock discontinuities filled with 
unsaturated material. The influences of the infill water content, ratio of infill thickness to 
average asperity height, joint roughness coefficient and initial normal stress are analysed. 
Results clearly show that both the peak shear stress and peak normalised shear stress decrease 
when the infill water content increases. As expected, these two peak values decrease as the t/a 
increases, and gradually level off when the t/a reaches a critical point since the infill alone 
dominates the shear behaviour when thick enough. The effects of both JRC and initial normal 
stress on the discontinuity shear behaviour are also consistent with common knowledge i.e. 




  Chapter 5




Accurate prediction of infilled-joint shear strength is important for rock mass stability 
analysis and reinforcement design in practice. Shear strength models for infilled 
discontinuities under Constant Normal Stiffness (CNS) conditions are more complex 
compared with Constant Normal Load (CNL) conditions, let alone when the infill material is 
partially saturated. So far only a few researchers proposed shear strength models considering 
the discontinuity infill unsaturated (Premadasa, 2013; Khosravi et al., 2017). However, these 
models did not take the CNS conditions into account, and the influences of the infill void 
ratio on the SWRC variables (e.g. degree of saturation and matric suction) during shear were 
ignored. In this chapter, a mathematical model was proposed to predict the CNS shear 
strength of rock discontinuities filled with unsaturated material, where the void ratio variation 
in the shear process is accounted for. The model is then verified using the laboratory test 
results obtained in this study. Some limitations of the proposed model are also outlined. 
5.2 Theoretical Background 
5.2.1 Water Retention Model 
To incorporate the influence of void ratio on the soil-water characteristics, Gallipoli et al. 
(2003b) proposed the following water retention model, describing the relationship between 
degree of saturation and matric suction during wetting (i.e. increase in the degree of 
saturation): 











5.2.2 Mechanical Model for Compaction 
Gallipoli et al. (2003a) suggested that the mechanical loading changes the void ratio of a 
compacted soil in an exponential form. During compression, the void ratio of the compacted 
soil can be expressed as 
 𝑒 = 𝑒s ∙ {1 − 𝑎C ∙ [1 − exp(𝑏C ∙ 𝜉)]} (5.2) 
where 𝑒 is the void ratio of the unsaturated soil under a specific average skeleton stress 𝜎n
′′, 𝑒s 
is the void ratio corresponding to the saturated state at the same 𝜎n
′′, 𝜉 is the bonding variable, 
and 𝑎C and 𝑏C  are soil parameters. 
The average skeleton stress 𝜎n
′′ is defined as 
 𝜎n
′′ = 𝜎n + 𝑠 ∙ 𝑆r (5.3) 





The saturated virgin compression of the soil is typically described by a logarithmic law: 
 𝑒s = (𝑁1−D − 1) − 𝜆S ∙ ln 𝜎n
′′ (5.5) 
where 𝑁1−D and 𝜆S are soil parameters. 
5.2.3 Mechanical Model for Critical State 
Gallipoli et al. (2003a) suggested that Equation (5.2) can also accurately predict the void ratio 
values of unsaturated soils at critical (ultimate) state, providing that the critical-state void 
ratio of corresponding saturated specimen at the same average skeleton stress is obtained. 
Tarantino and Tombolato (2005) indicated that the void ratio of the saturated specimen at 
critical state can be modelled as 
 𝑒s
′ = 𝛼C − 𝛽C ln(𝜎n
′′) (5.6) 
where, 𝑒s






5.2.4 Shear Strength Model 
Vanapalli et al. (1996b) proposed the following shear strength model for unsaturated soils, by 
capturing the role of matric suction and degree of saturation: 
 𝜏p = 𝑐
′ + (𝜎n − 𝑢a) tan(𝛷





Hamid and Miller (2009) also suggested a similar shear strength model for interface in 
unsaturated soil: 
 𝜏p = 𝑐𝑎
′ + (𝜎n − 𝑢a) tan(𝛿





Tarantino and Tombolato (2005) suggested that the ultimate shear strength of unsaturated soil 
can be predicted by employing the concept of average skeleton stress with respect to the 
macro-pore degree of saturation 𝑆rM: 
 𝜏ult = (𝜎n + 𝑠𝑆rM)tan𝛷ult






where 𝑒w  is the water ratio of the soil (i.e. 𝑒w = Sr ∙ 𝑒), while 𝑒wm  is the microstructural 
water ratio. 
In terms of clean rough discontinuities, Barton and Choubey (1977) proposed the well-known 
Barton-Bandis criterion for the discontinuity shear strength: 
 𝜏p = 𝜎ntan [
1
𝑀
𝐽𝑅𝐶 ∙ log10 (
𝐽𝐶𝑆
𝜎n
⁡) + 𝛷b] (5.11) 
To express the influence of opening on the discontinuity strength, Oh and Kim (2010) 
introduced the degree of interlocking 𝜂  (Ladanyi and Archambault, 1969) into above 
Equation (5.14): 
 𝜏p = 𝜎ntan [𝐽𝑅𝐶 ∙ log10 (𝜂 ∙
𝐽𝐶𝑆
𝜎n
⁡) + 𝛷b] (5.12) 
In addition, Thirukumaran (2014b) suggested that the peak normalised shear stress of clean 













where ?̇?p  is the dilation rate ( ?̇? ) corresponding to the peak stress ratio (𝜏 𝜎n⁄ )p . A 

























































where 𝑘ni  represents the initial normal stiffness of discontinuity itself under zero normal 
stress, and 𝑉m is the discontinuity maximum closure. 
Furthermore, Premadasa (2013) proposed an empirical shear strength model for rock 
discontinuities filled with unsaturated materials: 
 𝜏p = 𝐴1 + 𝐴2 (5.16) 
where, ⁡𝐴1  describes the strength contribution of rock part based on the Barton-Bandis 
criterion (Barton and Choubey, 1977), while 𝐴2  indicates the strength portion due to the 
existence of the infill layer, modified from Equation (5.7). These two terms are expressed as 
 𝐴1 = 𝜎n × tan (𝛷b + 𝐽𝑅𝐶 log10 (
𝐽𝐶𝑆
𝜎n
)) × (1 − 𝑋s)
𝑎1  (5.17) 








 𝑐t = 𝑐









5.3 Development of New Peak Shear Strength Model 
5.3.1 Water Retention Model 




wetting” relationship between the infill matric suction and degree of saturation. In this study, 
the infilled discontinuities were initially statically compacted within the CNS apparatus. After 
stabilisation, the specimens were sheared with the infill material being an as-compacted state 
and lying on the main wetting path of the SWRC curves. To determine the parameters in 
Equation (5.1), the test data obtained in this study from the initial as-compacted infill material 
were fitted using the least square method. Best-fit values of 𝜑 , 𝜓 , 𝑛G  and 𝑚G  were 
determined as shown in Table 5.1. Experimental data and predicted water retention curves are 
plotted in Figure 5.1. 
 
Figure 5.1 Predicted water retention curves for the “main wetting” paths; the symbols 
represent data obtained from tests of the as-compacted state carried out in this study. 
5.3.2 Mechanical Model for Static Compaction 
The void ratio of the as-compacted infill material can be modelled by combining Equations 
(5.2)-(5.5). The bonding variable 𝜉 in Equation (5.2) equals approximately (1 − 𝑆r) for the 
range of suction dealt with in this study (Gallipoli et al., 2003a). Since the SWRC parameters 
have been determined as mentioned in Section 5.3.1, the void ratio of the infill before shear 
can be predicted for given levels of compaction stress and infill water content, on condition 
that other soil parameters i.e. 𝑁1−D, 𝜆S, 𝑎C, and 𝑏C are obtained. 







































the least-square method. Figure 5.2 shows the compaction curves obtained in this study, 
under three levels of compaction stress (𝜎v=0.5, 1.0 and 1.5 MPa), and with water contents 
ranging from 11% to 20.6%. Best-fit soil parameters are also listed in Table 5.1. It can be 
seen in Figure 5.2 that the prediction is quite satisfactory. 
Table 5.1 Model parameters 
𝜑 𝜓 𝑛G 𝑚G Gs 
0.054997 4.036034 1.497369 0.329461 2.66 
𝑁1−D 𝜆S 𝑎C 𝑏C  
2.477159 0.126853 0.048798 2.608416  
 
Figure 5.2 Predicted static compaction curves; symbols represent data from static-compaction 
tests conducted in this study. 
5.3.3 Shear Strength Model 
For rough discontinuities filled with a layer of soft materials, a critical t/a value exists which 
separates the shear behaviour from the infill-dominated region to the asperity-dominated 
region. Before asperities come into contact, shear occurred within the infill layer. As the infill 
material is very thin, it is assumed that a critical state has already been reached before 
asperities come to contact. Gallipoli et al. (2003b) suggested that Equation (5.2) can also 
accurately predict the void ratio values at a critical state, providing that the critical-state void 
ratio of saturated specimen (𝑒s



















σv = 0.5 MPa 
σv = 1.0 MPa 






′  can be calculated by substituting the average skeleton stress at the moment when 
discontinuity asperity contact occurs into Equation (5.6): 
 𝑒s
′ = 𝛼C − 𝛽C ln(𝜎nc
′′ ) (5.21) 
where 
 𝜎nc
′′ = 𝜎nc + 𝑠c𝑆rc (5.22) 
where 𝜎nc
′′ ,⁡𝜎nc, 𝑠c, and 𝑆rc represent the average skeleton stress, normal stress, matric suction 
and degree of saturation of the infill material, all at the moment of asperity contact, 
respectively. 𝛼C  and 𝛽C  are critical-state parameters depending on the lateral confinement 
conditions of the infill material during shear; in other words, they are JRC-dependent. 
Under the CNS condition, the relationship between the normal stress at contact and the infill 
void ratio is established here, assuming that the infill squeezing is not severe: 




where 𝐾n is the external normal stiffness provided by a flat spring, equal to 0.5 MPa/mm, 𝑡0 
is initial infill thickness, and 𝑒c is the void ratio at the moment of contact. 
After contacting, it is mainly the rock discontinuity that controls the following shear 
behaviour. It is reasonable to presume that after discontinuity walls come into contact, the 
dilation behaviour would follow the same pattern as Thirukumaran (2014a) stated. The model 
for the dilation rate in  the study of Thirukumaran (2014a) is then modified to 
 ?̇? = {




2 (𝑢nor − 1)





















where, 𝑢c is the shear displacement at the moment of contacting, 𝑢p, ?̇?p, 𝜎np, 𝑠p and 𝑆rp are 




all at peak shear stress, respectively, and 𝑢nor  is a term describing the relative shear 
displacement with respect to 𝑢p. 
One of the major modifications in the model is that a parameter 𝜂 is introduced to Equation 
(5.26) to describe the influence of the infill layer, since the model of Thirukumaran (2014a) 
only focuses on the clean rock discontinuities. This parameter is defined in this study as 


















Another innovative revision of Thirukumaran (2014a) model is that the calculation of dilation 
rate at peak was highly simplified. The original expression in Equation (5.15) was changed to 
the plain version in Equations (5.26) - (5.27), and parameters describing the discontinuity 
normal deformation characteristics (i.e. 𝑘ni and 𝑉m) are no longer needed. Both ?̇?p  and 𝜎np 
can be obtained by combining Equations (5.24) - (5.27). 
A new peak shear strength model for rock discontinuities filled with unsaturated material is 
then proposed here: 
 𝜏p = 𝑐𝑎






) + 𝛿′] + 𝑠p𝑆rMp tan 𝛿
′ (5.29) 
where 𝜏p  is the peak shear stress, 𝑐𝑎
′  and 𝛿′  represent the effective infill adhesion and the 
effective friction angle of the interface between planar discontinuities and saturated infill 
material, respectively, 𝑆rMp is the infill degree of saturation of the macropores corresponding 
to peak shear stress, and the term “𝑠p𝑆rMp tan 𝛿
′” is considered as the cohesion intercept 
provided by the infill layer. 
One problem is that estimating the values of 𝑠p and 𝑆rMp are complicated. During the shear 
stage from asperity contacting to the dilation rate reaching a peak, the infill void ratio 
distribution would become distinctly inhomogeneous. In the areas where discontinuity 
asperities come into contact, the normal stress would be highly concentrated; while in some 
other areas, possible unloading would occur due to volumetric separation. A schematic 
representation of such phenomenon is shown in Figure 5.3. This implies that the SWRC 




material changes from the “main-wetting” paths to the “scanning” paths. Hence, for 
simplicity, the changes in loading conditions and hydraulic hysteresis of the infill material are 
ignored during this stage. Both 𝑠p and 𝑆rMp are considered equal to the values corresponding 
to the critical state. As a result, Equation (5.29) was rewritten to: 
 𝜏p = 𝑐𝑎






) + 𝛿′] + 𝑠c𝑆rMc tan 𝛿
′ (5.30) 
where 𝑆rMc is the infill degree of saturation of the macropores at the moment of discontinuity 





The microstructural water ratio 𝑒wm is a parameter depending on the specific surface of the 
soil particles. For the kaolin-sand mixture used in this study, the specific surface 𝑆𝑠  is 
estimated as 17 m2g−1 based on the data from Ponizovsky et al. (1999). The value of 𝑒wm of 
the infill material is then calculated as 0.32 using the following empirical equation proposed 
by Romero and Vaunat (2000) 
 𝑒wm = 0.16 + 0.057 ln 𝑆𝑠 (5.32) 
 
Figure 5.3 schematic of different mechanical loading conditions within the rough-
discontinuity infill layer. 
In terms of planar discontinuities, the shear strength model shown in Equation (5.30) is 
degraded to 
 𝜏p = 𝑐𝑎
′ + (𝑠c𝑆rMc + 𝜎nc) tan 𝛿
′ (5.33) 
For fresh clean discontinuities, the model can be simplified to 













On the other hand, when the loading conditions change to the Constant Normal Load (CNL), 
the value of external normal stiffness will be given as zero, which leads Equation (5.34) to the 
conventional Barton-Bandis strength criteria i.e. Equation (5.11). 
5.4 Experimental Verification 
The new peak shear strength model proposed in Equation (5.30) is then used to predict the 
test results obtained in this study. Soil parameters (𝛼C and 𝛽C) and interface parameters (𝑐𝑎
′  
and 𝛿′) were determined using the least-square method based on the laboratory test data. All 
parameters in the model are listed in Table 5.2. Predictions of the peak shear stress are plotted 
in Figure 5.4 with a good match to the laboratory data despite the fact that some of the 
experimental data appear scattered reflecting difficulties in performing such experiments. 
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Figure 5.4. Predicted peak shear stress for all the tests 
Figure 5.5 shows the model prediction of peak shear strength varying with infill water content, 
under different t/a and initial normal stress scenarios. It can be seen that as the infill water 
content increases, peak shear strength increases slightly or remains steady to a point and then 
decreases. The effect of infill water content is more significant at higher water contents. In 
addition, the increase of t/a largely reduces the peak shear strength. The drop of initial normal 































the peak shear strength is not uniform as shown in the “t/a =1” series under all three levels of 
initial normal stress. Planar discontinuities have the highest strength, while the discontinuities 
with JRC = 9 show the lowest strength. This is caused by their different values of initial infill 
thickness. At the conditions of t/a =1: planar discontinuities have the thickest infill (𝑡0 =
5⁡mm); discontinuities with JRC = 19 contain middle-thick infill (𝑡0 = 3.94⁡mm); while 
discontinuities with JRC = 9 have the thinnest infill (𝑡0 = 2.94⁡mm). Thicker infill layers 
lead to a larger normal stress corresponding to peak shear strength while other conditions 





(1) σn0 = 0.5 MPa: 
 
 
(2) σn0 = 1.0 MPa: 
 
 
(3) σn0 = 1.5 MPa: 
 
Figure 5.5 Prediction of the peak shear strength vs. infill water content under various 
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The proposed model can also predict the peak shear strength of clean discontinuities, as 
shown in Figure 5.6. 
 
Figure 5.6 Predicted peak shear strength of clean discontinuities together with experimental data 
5.5 Summary 
A new peak shear strength model was proposed for rock discontinuities filled with 
unsaturated material. The influence of infill water content, initial normal stress, ratio of infill 
thickness to discontinuity average asperity height (t/a), Joint Roughness Coefficient (JRC), 
and CNS conditions are all accounted for. The model considers the hydraulic - mechanical 
behaviour of unsaturated infill material as well as the shear strength properties of both the 
“unsaturated infill” part and the “rock discontinuity” part. A good match was obtained 
between the model predictions and experimental results of the discontinuity peak shear 
strength. Nevertheless, further studies regarding more complicated testing conditions (e.g. 
natural discontinuity profiles, various infill types and specimen scales, and dynamic loading) 

























Initial normal stress 
Clean discontinuities 
JRC = 9 (predicted)
JRC = 19 (predicted)
JRC = 9 (experimental)




  Chapter 6
NUMERICAL INVESTIGATION INTO “FIRST-STAGE” 




It is clear that the shear behaviour of infilled discontinuities depends on the properties of the 
infill material. The existence of infill contributes a cohesion intercept and largely decreases 
the macro friction angle of the discontinuity. Typically the infilled-joint shear has a two stage 
behaviour when the critical t/a (i.e. the ratio of infill thickness to discontinuity average 
asperity height) is lower than unity, where the first stage is dominated by the infill material, 
while the second stage is mainly controlled by the discontinuity asperities. In general, 
engineers and researchers are more focused on the peak shear strength in the second stage i.e. 
obtained after discontinuity asperities come into contact. However, in some practical cases, 
the shear behaviour in the first stage is more important. For example some large-scale infilled 
discontinuities such as faults and bedding planes could shear for a long distance before 
asperities come into contact, where the shear displacement is already beyond the allowance of 
the engineering projects. In these cases the “first-stage” shear behaviour should be referred to 
for support designs instead of the “second-stage” behaviour. 
The infilled discontinuities before asperity contact may behave differently compared with the 
conventional pure unsaturated soil. Due to the irregular discontinuity surface, the infill layer 
could undergo highly variable stresses, causing the uneven distribution of the infill void ratio, 
degree of saturation, matric suction and even permeability. The degree of such variation may 
also be influenced by variables e.g. Joint Roughness Coefficient (JRC), t/a, shear rate, initial 
degree of saturation, and normal stress. In addition, the infilled discontinuity is a combination 
of the infill itself and a couple of rock-fill interfaces, leading to a further difference between 
the “first-stage” infilled-joint behaviour and the pure soil behaviour. Hence, simply adopting 
the stress-strain models of the conventional unsaturated soil is inappropriate to predict the 




In this chapter, details are given of numerical investigation carried out on the “first-stage” 
shear behaviour of discontinuities filled with unsaturated material. The numerical software 
FLAC/Two-Phase flow model was employed to model fully matched laboratory infilled 
discontinuity specimens, representing the tensile-opening discontinuities filled with 
transported materials before shear movement. Tests were run under CNL and CW conditions. 
Unsaturated flow and volumetric deformation of the infill material were coupled within the 
framework of quasi-static Biot theory. As the embedded governing equations in FLAC do not 
consider the influence of porosity on the SWRC and permeability, those equations were 
modified through FISH subroutine to be porosity-related and thus reflected the infill 
behaviour more accurately. The variation trends of basic hydraulic and mechanical properties 
of the infill material e.g. permeability, effective normal stress, shear stress/strength and 
normal displacement were investigated under different conditions. These involved varying 
levels of infill porosity-update times, initial infill degree of saturation, physical shear rate, 
JRC, t/a, and applied normal stress. The influence of these variables on the shear behaviour 
was also analysed qualitatively and some of them were compared with previous literature 
reports. 
6.2 Problem Statement 
The 2D direct shear tests of infilled rock discontinuities at a laboratory scale were simulated 
using the FLAC/Two-Phase flow model. Simulated upper and lower rock parts of the 
discontinuity were 20 mm high and 100 mm wide, respectively, representing the fully 
saturated high-strength gypsum (Hydrostone) plaster commonly used in laboratory rock 
discontinuity tests. The infill material between the upper and lower discontinuity surfaces 
represents the Speswhite kaolin, with a height ranging from 1.47 mm to 5.91 mm, depending 
on the desired t/a value. Apart from a series of planar discontinuities, two more levels of 
discontinuity roughness were chosen based on the Barton’s standard profiles (Figure 2.3). As 
shown in Table 6.1, a total of 17 tests were modelled, investigating the influences of porosity-
update times, applied shear velocity, degree of infill saturation, physical shear rate, JRC, t/a 
































 0.50 0.5 8-10 0.5 0.5 
2 15 1×10
-8
 0.50 0.5 8-10 0.5 0.5 
3 30 1×10
-8
 0.50 0.5 8-10 0.5 0.5 
4 60 1×10
-8
 0.50 0.5 8-10 0.5 0.5 
5 30 1×10
-6
 0.50 0.5 8-10 0.5 0.5 
6 30 1×10
-7
 0.50 0.5 8-10 0.5 0.5 
7 30 1×10
-9
 0.50 0.5 8-10 0.5 0.5 
8 30 1×10
-8
 0.60 0.5 8-10 0.5 0.5 
9 30 1×10
-8
 0.99 0.5 8-10 0.5 0.5 
10 30 1×10
-8
 0.50 5 8-10 0.5 0.5 
11 30 1×10
-8
 0.50 0.005 8-10 0.5 0.5 
12 30 1×10
-8
 0.50 0.5 0 t = 1.47 0.5 
13 30 1×10
-8
 0.50 0.5 18-20 0.5 0.5 
14 30 1×10
-8
 0.50 0.5 8-10 1.0 0.5 
15 30 1×10
-8
 0.50 0.5 8-10 1.5 0.5 
16 30 1×10
-8
 0.50 0.5 8-10 0.5 1.0 
17 30 1×10
-8
 0.50 0.5 8-10 0.5 1.5 
Note: bold terms in each column represent the selected changing levels of the corresponding 
parameter in that column. 
6.3 Theoretical Framework 
6.3.1 Fluid Transport 
During discontinuity shear, both water and air will transfer inside the infill layer. Water and 
air transport in FLAC are described by Darcy’s law: 
 𝑄w = 𝜅r
w[𝛭w](𝑢w − 𝜌w𝑔𝑖𝑥𝑖) (6.1) 
 𝑄g = 𝜅r
g 𝜇w
𝜇g
[𝛭w](𝑢g − 𝜌g𝑔𝑖𝑥𝑖) (6.2) 




are relative permeabilities for the zone, 𝜇w  and 𝜇g  are dynamic viscosities, 𝑢w  and 𝑢g  are 
pore pressures, 𝜌w and 𝜌g  are fluid densities, g𝑖 , 𝑥𝑖 , 𝑖 = 1,2 are the two components of the 
gravity vector and coordinate vector respectively, and [𝑀w] is the “stiffness” matrix of the 
model zone representing the saturated mobility coefficients. The superscripts or subscripts g 
and w represent gas/air and water, respectively. 




empirical laws of the van Genuchten form imbedded in FLAC: 
 𝜅r
w = 𝑆e















where avan, bvan and cvan are constant parameters. 
6.3.2 SWRC Model 
The SWRC model describing the relationship between infill matric suction and degree of 
saturation in FLAC also follows the van Genuchten form: 




 𝑠 = 𝑢g − 𝑢w (6.7) 
where 𝑃0 is a parameter relating to surface tension, intrinsic permeability and porosity of the 
material. 
6.3.3 Porosity Corrected SWRC and Permeability 
It is evident that the SWRC and permeability of soil are dependent on its porosity (Mašín, 
2010; Gallipoli et al., 2015; Bani Hashem and Houston, 2015; Carrier and Beckman, 1984). 
However the original models in FLAC ignores such correlation. Also, FLAC does not update 
porosity during solving due to time-consuming calculations. In this study, the porosity of the 
material was updated first using the FISH subroutine, based on the Mohr-Colum elastic-
plastic model. Then the SWRC model and the saturated mobility coefficient were modified 
by FISH to consider the influence of porosity. 
6.3.3.1 Porosity 
Before yielding, the Mohr-Coulomb model is elastic following Hooke’s law. Elastic 









𝛼b = 𝐾 − 2𝐺/3, where K is drained bulk modulus and G is shear modulus. 





As the FISH-subroutine access to principal stresses is not provided in FLAC, they were 



















where 𝜎𝑥𝑥 , 𝜎𝑦𝑦  and 𝜎𝑥𝑦 are three components of stress tensor. 
The FISH-specific model variable e_plastic was used to detect if plastic flow occurs or not. 
This variable represents accumulated plastic volumetric strain relating to the shear yield 
surface. If 𝑒_𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 0,⁡the material is still elastic; otherwise it has yielded and the total 
volumetric strain 𝑒v is 
 𝑒v = 𝑒e,large + 𝑒_𝑝𝑙𝑎𝑠𝑡𝑖𝑐 (6.12) 
In the large strain mode in FLAC (set in current study), porosity 𝑛p can then be approximated 
as 
 𝑛p = 1 −
2−𝑒v
2+𝑒v
(1 − 𝑛0) (6.13) 
where 𝑛0 is the initial porosity. 
6.3.3.2 Porosity Corrected SWRC 
To consider porosity in Eq. (6.6), the residual degree of saturation and the van Genuchten 
parameter 𝑃0 is defined as: 





𝜓  (6.15) 












which is exactly the form of the SWRC model proposed by Gallipoli et al. (2003): 











In this way, the relationship between degree of saturation and matric suction is capable of 
varying with the change of porosity during calculation cycles. 
6.3.3.3 Porosity Corrected Permeability 
As mentioned before, FLAC requires saturated mobility coefficient 𝑘w (in m
2
/(Pa·s)) in  the 






where 𝑔g is the gravitational acceleration. 










This empirical model was employed here to correct the saturated mobility coefficient  𝑘w  of 










6.3.4 Fluid-mechanical Coupling 
Typically there are two ways of fluid-mechanical coupling during discontinuity shear. 
Saturation/suction changes induce volumetric deformation of the material, while deformation 
will result in saturation/suction changes at the same time. 
6.3.4.1 Saturation/suction changes induced deformation 




based on the quasi-static Biot theory: 




where 𝐾′ is apparent bulk modulus, and 𝐾w and 𝐾g are fluid bulk moduli. 
Since bulk modulus of the air phase is several orders lower than K and 𝐾wwhich can be 
neglected, 𝐾′ was then estimated by 




Also in FLAC, the Bishop effective stress, or average skeleton stress, is used to describe the 
stress state of an unsaturated material. It is defined as: 
 𝜎𝑖𝑗
′ = 𝜎𝑖𝑗 + 𝛿𝑖𝑗𝑢g − 𝛿𝑖𝑗𝑆r𝑠 (6.24) 
where 𝜎𝑖𝑗
′  is effective stress, 𝜎𝑖𝑗  is the total stress, and 𝛿𝑖𝑗 is Kronecker delta. 
Therefore, the increments in degree of saturation and matric suction will cause changes in 
both mechanical stiffness and effective stress, and then volumetric deformation. 
6.3.4.2 Deformation induced saturation/suction changes 
In transient two-phase flow-mechanical calculations, volume changes induce matric suction 
and saturation variations within the framework of the quasi-static Biot theory: 
















































∆𝑢w and  ∆𝑆r are the incremental pore water pressure and degree of saturation in terms of 
water respectively, ∆𝑡 is the stable timestep in two-phase flow calculation, 𝑉n is nodal volume, 
s′ is differentiation of  equation (6) with respect to 𝑆r, 𝛽coe is undrained coefficient, and ∆𝑉 is 
volume change. 




saturated. When saturated, Eq. (6.25) becomes 
 ∆𝑢𝑤 = −
𝐾𝑤
𝑛𝑝𝑉𝑛
(𝛥𝑡𝑄𝑤 + ∆𝑉) (6.28) 
Hence the changes in mechanical volume and timestep will still cause a change in pore water 
pressure at fully saturated conditions. A smooth transition between unsaturation and full 
saturation is allowed in this theory. 
Figure 6.1 shows the basic hydro-mechanical coupling scheme in FLAC explicit calculation. 
During cycling, changes in effective stress and mechanical stiffness cause volumetric 
deformation, governed by the Mohr-Coulomb model, which leads to the changes in degree of 
saturation and matric suction following Eqs. (6.25-6.26). Effective stress is then updated by 
the new saturation-weighted suction increments following Eq. (6.24). On the other hand, 
volumetric strain induces changes in porosity, which corrects the SWRC parameters and 
permeability, as shown in Eq. (6.16) and Eq. (6.21) respectively. Such corrections also 
influence Eq. (6.25-6.26), apart from the effect of volume change. In addition, varying 
porosity updates the apparent mechanical stiffness, as shown in Eq. (6.23). These porosity 
dependencies are accounted for in the FISH subroutine under a specific updating frequency, 
as described detailedly in the section “parametric study - porosity correction”. 
 
Figure 6.1 Hydro-mechanical coupling in FLAC calculation cycle 






6.4 Modelling Procedures 
6.4.1 Grid Generation 
An initial grid of 153 × 30 zones was set up, representing a rock discontinuity shear model in 
a laboratory scale of 100mm wide, and the upper and lower rock parts are 20 mm high, 
respectively. The total number of grid zones and the height of the model will vary with the 
simulated discontinuity roughness and infill thickness. Models with three levels of 
discontinuity roughness (planar, JRC=8-10, JRC=18-20) and five levels of t/a ratio (0.5, 1.0, 
1.5) were first established. Note that the average asperity heights of the two rough profiles 
were calculated following the ISRM recommendations (ISRM, 1978), with 2.94 mm for JRC 
= 8-10, and 3.94 mm for JRC = 18-20, respectively. To generate rough discontinuity profiles 
in the model, the surfaces were initially replicated from Barton’s standard profiles (Figure 2.3) 
in AUTOCAD software using spline with constant segments between control points. The 
splines were then converted to tables with x-y coordinates of each control point. The shape of 
the discontinuity can be generated afterwards combining the Table command in FLAC.  
Model geometries with different JRCs and t/a values are shown in Figure 6.2. 
 
Figure 6.2 Grid and interface plots of initial models 
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6.4.2 Boundary and Initial Conditions 
As mentioned, a constant vertical stress was applied on top of the infilled discontinuity model 
to simulate CNL conditions in laboratory direct shear tests. Initially, both sides of the upper 
block and left side of the lower block were fixed in the x-direction; bottom boundary was 
fixed in the y-direction. The boundaries of the infill material were impermeable to water. Pore 
air pressure was fixed at atmospheric in the system. After initial equilibrium, a horizontal 
velocity was applied to the lower block to produce a shear displacement (shear direction as 
shown in Figure 6.3).  
 
Figure 6.3 Boundary conditions of the model 
6.4.3 Choice of Constitutive Model and Solid/fluid Properties 
6.4.3.1 Models and Properties for Rock and Soil 
As the objective of this study is the behaviour of unsaturated infill confined by rough 
discontinuity surfaces, the upper and lower rock parts were simply set by isotropic elastic 
model. Elastic parameters for saturated hydrostone (high strength gypsum) were adopted. The 
Speswhite kaolin infill was modelled as a Mohr-Coulomb (M-C) material. Note that the M-C 
model was replaced by the Strain-hardening/Softening (S-S) model in the code, for getting 
easy access to the FISH variable e_plastic.  However the cohesion, friction, dilation and 
tensile strength all remained constant, thus the S-S model was degraded to the intended M-C 





strength properties required in FLAC for both the rock part and the infill part were listed in 
Table 6.3. Drained strength parameters were used here, as the yield criterion adopted is 
expressed in terms of effective stresses as described in Eq. (6.24). Also, drained bulk modulus 
rather than undrained bulk modulus was used, and the apparent bulk modulus of the medium 
was modified in the FLAC logic following Eq. (6.23). Permeability, water retention 
parameters and fluid properties are listed in Table 6.4. As the SWRC model built in FLAC 
was modified by Eqs. (6.14-6.15), the van Genuchten parameter 𝑃0  was replaced by two 
constant parameters, i.e. the Gallipoli parameters φ and ψ in Table 6.4. The water retention 
parameters a = 0.2275, φ = 0.004621, and ψ = 4.117 were back calculated from the data for 
Kaolin material in Tarantino and Tombolato (2005), and their controlled SWRC curves under 
various porosities are plotted in Figure 6.4. The saturated mobility coefficient was modified 
following Eq. (6.21). during model solving/cycling. As the pore air pressure is fixed as 
atmospheric, and water is the only fluid of concern in the model, both the air fluid modulus 
and the viscosity ratio were set as 1 for convenience. The undrained coefficient 𝛽 was set as 1 
to simulate Constant Water (CW) content condition. 
Table 6.2 Soil properties of the infill layer 
Soil Speswhite kaolin 
USCS classification CH 
Silt (0.074-0.002 mm) (%) 20 
Clay (<0.002 mm) (%) 80 
Liquid limit, LL (%) 64 
Plastic limit, PL (%) 32 
PI (%) 32 
Specific gravity, Gs 2.6 








Constitutive model isotropic elastic M-C model - 
Dry density, 𝜌d (kg/m
3
) 2500 1500 - 










Poisson’s ratio, 𝜈 0.32 0.2 - 





Drained friction angle, 𝛷 - 17 20 
Dilation angle, 𝑑n - 0 0 
Tension limit, 𝑇𝑙  (Pa) - 0 0 
Initial porosity, n0 0.544 0.544 - 
Normal stiffness, kn (Pa/m) - - 3.1×10
10
 






Table 6.4 Permeability, water retention parameters and fluid properties 
Properties Values 







Van Genuchten parameter, avan 0.2275 
Van Genuchten parameter, bvan 0.5 
Van Genuchten parameter, cvan 0.5 
Gallipoli parameter, φ 0.004621 
Gallipoli parameter, ψ 4.117 
Fluid modulus for water, 𝐾w (Pa) 2×10
9
 
Fluid modulus for air, 𝐾g (Pa) 1 
Residual degree of water saturation,⁡𝑆r,res 0 
Undrained coefficient, 𝛽coe 1 
Viscosity ratio, 𝜇w 𝜇g⁄  1 
 
 
Figure 6.4 Porosity-related water retention curves (data fromTarantino and Tombolato (2005) 
6.4.3.2 Models and Properties for Interface 
Interfaces in FLAC are used to construct the contact planes between the infill material and the 
rock discontinuity surface. The conditions of the interfaces in FLAC have three options 
(glued, unglued, and bonded). Here the unglued interface is chosen and the tensile bond and 
shear bond strength defined in FLAC manual are neglected to allow slip and/or separation 
along the discontinuity-infill interface, where the Mohr-Coulomb shear-strength criterion 
applies: 
 𝜏p = 𝑐 + 𝜎n
′𝑡𝑎𝑛𝛷 (6.29) 
The total normal stress 𝜎n and shear stress 𝜏s are determined by 





















































































where 𝑘n and 𝑘s are normal and shear stiffness of the interface, and 𝑣 and 𝑢 are normal and 
shear displacement, respectively. 
Both the normal stiffness and shear stiffness of the interfaces are determined using the 
empirical equation suggested in FLAC: 







where ∆𝑧min is smallest width of an adjoining zone in the normal direction, which is 0.5 mm 
in the established model. 
This equation ensures that the normal stiffness is fairly large to prevent severe rock-infill 
surface penetration. The modulus values of the infill material (softer side of the interface) are 
substituted into Eq. (6.32) for the estimation, instead of that of the rock part, which minimises 
the interface influence on system compliance. Calculated stiffness values are shown in Table 
6.3. Note that the shear stiffness is several orders higher than true physical values for the 
rock-infill interface. The direct effect of shear stiffness is the shear displacement before 
yielding of the interface. In this study, the total shear displacement in simulated tests is set as 
only 1.5 mm to avoid interference between discontinuity asperities which is beyond the 
objective of this study. Hence it is less important whether the shear stiffness is true physical 
value or not, as long as the shear strength can be observed within such shear distance, for the 
convenience of analysis. 
The Mohr-Coulomb strength parameters including cohesion and friction angle are selected 
based on general laboratory results. Those strength parameters are also summarised in Table 
6.3. 
6.5 Parametric Study 
Based on the governing models and procedures mentioned above, systematic numerical 
simulation was conducted under various conditions. First of all the results obtained before 




varying infill porosity into account. Then the shear velocity (Va) applied to the lower rock part 
was optimised considering modelling stability as well as efficiency. Afterwards the influence 
of the initial infill saturation degree (Sr0) on the shear behaviour was systematically 
investigated. The effects of other parameters such as physical shear rate (γs), JRC, t/a and 
applied normal stress (σn) were also studied. 
6.5.1 Porosity Correction 
The infill porosity influences the shear behaviour of the discontinuities by changing the 
SWRC and permeability. To consider such influences, related functions in FLAC were 
updated in FISH subroutines during model cycling. However, it was too time-consuming and 
unnecessary to conduct the update for every calculation step. Less frequent updating was thus 
used. Results presented here compared the different levels of the update times in the whole 
shear process, ranging from zero (uncorrected for displacement of 1.5mm), to 15 times (once 
per 0.1mm shear displacement), to 30 times (once per 0.05mm), and to 60 times (once per 
0.025mm). Tests corresponded to the modelling plan described in Table 6.1 (test No. 1~4). 
Other parameters were set as constant, where JRC = 8-10, Sr0 = 0.5, σn = 0.5 MPa, t/a = 0.5, 
Va = 1×10
-8
 m/step, and γs = 0.5 mm/min. 
Figure 6.5(a-e) show that the shear behaviour changes significantly once the porosity is 
considered. Strain softening behaviour can be observed in Figure 6.5(a) except for the 
porosity-uncorrected case (number of porosity-update time Np =0). Figure 6.5(e) shows that 
shear strength decreases with the increase of the updating frequency, and remains nearly 
stable when the number of correction times is beyond 30. In addition, the rock discontinuity 
dilation decreases when the update frequency increases, as revealed in Figure 6.5(b). The 
porosity correction also has a noticeable influence on the mean effective stress and the mean 
saturated mobility coefficient. When porosity is uncorrected, the mean values of both 
effective stress and saturated mobility coefficient hold steady. However, the effective stress 
decreases significantly and the saturated mobility coefficient increases dramatically when 
porosity is considered. On the other hand, the higher the update frequency, the lower is the 




Considering that the influence of the correction times on the shear strength becomes minor 
when the number of correction times is at or beyond 30 (i.e. once per 0.05mm of shear 
displacement), this number was used for the following simulation to study other parameters.  
 
Figure 6.5 Shear behaviour of infilled discontinuities under different levels of porosity-update 
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6.5.2 Applied Shear Velocity 
The shear velocity applied to the lower rock part needs to be chosen appropriately. It should 
be small enough to minimise the unbalanced forces in the model. In this section, numerical 





 m/step. Other parameters are set as constant, with JRC = 8-10, Sr0 = 0.5, 𝜎n = 
0.5MPa, t/a = 0.5, Np = 30, and γs = 0.5 mm/min. Test series are shown in Table 6.1 (test No. 
3, 5, 6 and 7). 
Figure 6.6 shows the xx-stress contours at the end of shearing under different shear velocities. 
It is clear that the stress is more balanced as the applied shear velocity decreases. The 
influences of applied velocity on the shear stress curves and the maximum unbalanced force 
during shear are also plotted in Figure 6.7. With the decrease of applied velocity, damping 
induced oscillation reduced dramatically in the shear stress vs shear displacement curves, and 
the plots for 1×10
-8
 m/step and 1×10
-9
 m/step almost overlap (Figure 6.7a). On the other hand, 
the peak shear stress and the absolute value of mean maximum unbalanced force decrease 
significantly and become stable when the velocity falls lower than 1×10
-8
 m/step, as shown in 
Figure 6.7(b). Hence, a shear velocity of 1×10
-8 
m/step was selected for the following model. 
Such velocity was slow enough to obtain accurate results, while the model run time can be 
kept reasonably low. 
 
Figure 6.6 xx-stress contours at the end of shearing under different mechanical shear 
velocities 
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Figure 6.7 Shear under different applied velocities: (a) shear stress curves; (b) peak shear 
stress and mean maximum unbalanced force vs applied velocity 
6.5.3 Degree of Saturation 
Initial degree of saturation of the infill material has as impact on the discontinuitiy shear 
behaviour. Tests under three levels of saturation (50%, 60% and 99%) were simulated (test 
No. 3, 8 and 9 shown in Table 6.1), corresponding to water contents of 21.6%, 25.9%, and 
46.5%, respectively, with JRC = 8-10, 𝜎n = 0.5MPa, t/a = 0.5, γs = 0.5 mm/min, Va = 1×10
-8
 
m/step, and Np = 30. 
Modelling results are plotted in Figure 6.5(f-j). Typically, with the increase of the initial 
degree of saturation: the shear strength decreases significantly, and the strain softening 
behaviour after peak diminishes; dilation comes earlier; the mean effective stress decreases 
more gently; and the mean saturated mobility coefficient increases more. 
It is clear that the impact of infill saturation on the discontinuity shear strength fits the general 
knowledge (Indraratna et al., 2014; Khosravi et al., 2016). In addition, it can seen that the 
obtained strain softening behaviour is dependent on the Optimum Moisture Content (OMC) 
of the selected material. Laboratory results fromTarantino and Tombolato (2005) shows that 
the simulated infill material has an OMC of 32%. Figure 6.5(f) shows that the strain softening 
is clearly evident in the specimens compacted at dry of OMC, while this behaviour 

















































































laboratory results reported in literature. For instance, Heitor (2013) conducted a series of 
direct shear tests on silty sand at as-compacted state. Taking the tests under vertical stress of 
38.5 kPa as an example (Figure 6.8), it can be seen that the strain softening is distinct until the 
water contents are over the OMC. 
 
Figure 6.8 Shear stress and compaction curves for a silty sand: (a) shear stress vs horizontal 
displacement; (b) compaction curve (data from Heitor 2013) 
6.5.4 Physical Shear Rate 
It should be noted that the shear velocity (m/step) applied to the lower rock does not represent 
the shear rate for rock discontinuities in reality, as the static analyses mode was used. 
However, the flow calculation in FLAC/Two-Phase flow model was in real time. Hence, the 
influence of physical shear rate can be investigated by controlling the real flow time within a 
specific displacement. 
In the Two-Phase flow model in FLAC, the magnitude of the critical time step can be 
estimated using 








where 𝐿z is the smallest zone size in the model (0.5 mm), and 𝑘w and 𝑘g are the saturated 
mobility coefficients for water and air respectively. 
In the coupled analysis, the number of flow steps corresponding to each mechanical step can 





















































































































































where 𝑁gw is the number of flow steps for each mechanical step, Va is applied shear velocity 
(1×10
-8
 m/step), and 𝛾s is the simulated physical shear rate. 
The influence of the physical shear rate was thus investigated by following 𝑁gw numbers of 
flow step after each mechanical step in the model solving controlled by FISH subroutine. 
Note that 𝑁gw will vary with porosity during shear since the saturated mobility coefficient 𝑘w 
is porosity-related. Shear behaviour under three levels of physical shear rate were investigated 
(5, 0.5, and 0.005 mm/min), selected within the range usually adopted in the laboratory tests 
as described in literature (de Toledo and de Freitas 1993; Indraratna et al. 2014; Khosravi et 
al. 2016). As the Constant Water (CW) content condition is applied, the impacts of physical 
shear rate reflect the influence of suction equilibrium degree (i.e. the degree of the 
inhomogeneous suction distribution inside the infill layer). In other words, the effect of pore 
pressure drainage was not studied, which can be done by changing the input value of 
undrained coefficient. 
A series of tests were modelled (test No. 3, 10 and 11), using JRC = 8-10, Sr0 = 0.5, 𝜎n = 
0.5MPa, t/a = 0.5, and Va = 1×10
-8
 m/step. Figure 6.9 shows the pore water pressure (negative 
suction) contours within the soil layer at the end of shearing. The plot indicates that under the 
selected physical shear rates, matric suction failed to remain in equilibrium. With the increase 
in shear rate, the suction distribution at the end of the tests becomes less homogeneous, but 
the differences are not large. Figure 6.5(k) clearly shows that the influence of physical shear 
rate (suction equilibrium time) on the shear stress curves are minor. After zooming and 
smoothing those curves replotted in Figure 6.10(a-b), the obtained shear strength in Figure 
6.5(o) reveals a slight decreasing trend with the decrease of physical shear rate. This is 
consistent with the laboratory test results obtained by de Toledo et al. (1993), where the 
influence of shear rate on the peak strength of an infilled discontinuity with free draining 
boundaries are investigated. As shown in Figure 6.11, once the shear rate is relatively high so 
that the undrained condition applies, its influence on the discontinuity shear strength becomes 
small. In terms of other parameters shown in Figure 6.5(l-n), the curves almost overlap before 
shear stress reaches the peak value; after peak, the difference between the curves becomes 




dilation, mean effective stress and saturated mobility coefficient. 
 
Figure 6.9 pore pressure contours at the end of shearing under different physical shear rates 
 
Figure 6.10 Shear stress curves at different physical shear rates: (a) zoomed curves; 
(b)smoothed curves 
 
Figure 6.11 Shear strength curve of infilled discontinuities obtained in direct shear tests under 
different shear rates (data from de Toledo and de Freitas 1993)  
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A series of numerical tests (test No. 3, 12 and 13) were conducted afterwards under three 
levels of JRC (planar, JRC=8-10 and JRC=18-20). Similarly, all other conditions were kept 
constant, with Sr0 = 50%, σn = 0.5MPa, t/a = 0.5, 𝛾s = 0.5 mm/min, Va = 1×10
-8
 m/step, and 
Np = 30. 
Test results are displayed in Figure 6.12(a-e). Firstly it can be seen that shear strength 
increases with the increase of discontinuity roughness (Figure 6.12e), even though the 
discontinuity asperities have not interfered. This is because the rougher discontinuity profile 
enhances the apparent sliding friction between discontinuity and infill (de Toledo and de 
Freitas 1993), while it produces highly inhomogeneous and concentrated normal stress on the 
infill material along the interface (Figure 6.13). Such phenomenon also agrees well with shear 
tests on soil - rock/concrete interfaces conducted by Kanji (1974) and Chen et al. (2015), 
where the surface roughness clearly has a positive effect on the interface shear strength, 
regardless of the lack of asperity interference (infill thickness can be considered as infinite for 
those tests). In addition, the shear displacement needed to reach residual strength is smaller 
for discontinuities with smoother surfaces as shown in Figure 6.12(a), which is also in 
accordance with the results of Kanji (1974). In terms of the dilation behaviour displayed in 
Figure 6.12(b), the planar discontinuities show a continuous contraction, while the other two 
rough discontinuities reveal distinct dilation after initial compression. It seems the roughest 
discontinuity fails to have the largest dilation. This is because at the stage before asperity 
interference, increased discontinuity roughness influences the normal displacement through 
two mechanisms: enhanced resistance to infill squeezing/flow which reduces the contraction, 
and increased stress concentration on some parts of the infill which leads to increased 
compaction. The variation trends of the normal displacement under different discontinuity 
roughness depend on which mechanism is dominant. Accordingly, the mean values of 
saturated mobility coefficient shows distinct patterns in planar and rough discontinuities, and 
fails to increase strictly when discontinuity roughness increases. Generally the variation range 
becomes much larger for the discontinuities with JRC = 8-10 and 18-20, compared with the 




surface, the lower the values. 
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Figure 6.13 yy-stress contours at the end of shearing with different JRC values 
6.5.6 t/a Ratio 
Tests under various t/a ratios (0.5, 1.0, and 1.5) were simulated (test No. 3, 14 and 15) and the 
obtained model results can be seen in Figure 6.12(f-j). All other parameters were kept 
constant when changing the infill thickness, with Sr0 = 50%, 𝜎n = 0.5MPa, JRC = 8-10, 𝛾s = 
0.5 mm/min, Va = 1×10
-8
 m/step, and Np = 30. It is obvious that with the increase of t/a ratio, 
shear strength decreases almost linearly, the infill layer is compressed more, and the changes 
in effective stress and saturated mobility coefficient both become gentler. 
As this study only focuses on the “first stage” of the shear failure of infilled discontinuities 
(Barton and Choubey 1977; de Toledo and de Freitas 1993), Figure 6.12(j) suggests that even 
the “soil peak” is sensitive to the t/a ratio. In fact similar trends can be found in many other 
researchers’ laboratory results (de Toledo and de Freitas 1993; Indraratna et al. 1999). This is 
because with the increase of t/a ratio, the obstruction from the rough discontinuity profile 
against the infill squeezing (flow) becomes weaker, and the maximum stress concentration 
factor within the infill layer decreases, as indicated in Figure 6.14(a-b). 
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Figure 6.14 Vertical stress concentration within the infill layer under different t/a ratio: (a) 
yy-stress contours; (b) maximum stress concentration factor 
6.5.7 Normal Stress 
The factor of normal stress was also investigated. Three levels of applied normal stress 
(0.5MPa, 1.0MPa, and 1.5MPa) were selected and the shear tests were modelled with Sr0 = 
50%, t/a = 0.5, JRC = 8-10, 𝛾s = 0.5 mm/min, Va = 1×10
-8
 m/step, and Np = 30 (test No. 3, 16 
and 17). Those levels of normal stress simulate not only a shallow depth of about 20-60m, but 
also the loading conditions deep underground. During and after excavation, the residual 
normal stress applied to the infilled discontinuities could be much lower than in situ state. 
The surrounding rock will deform, bulk and displace into the mined cavity, causing unloading 
of those discontinuities. 
As expected, with the increase of applied normal stress, shear strength increases noticeably 
(Figure 6.12, k and o), the infill layer is dilated less (Figure 6.12l), and the mean saturated 
mobility coefficient is increased more (Figure 6.12n). Figure 6.12(m) shows that the decrease 
of mean effective stress becomes larger when normal stress increases from 0.5 MPa to 1.0 
MPa, and then remains almost the same when it increases from 1.0MPa to 1.5MPa. 
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In this chapter, the FLAC Two-Phase flow model was adopted to conduct a series of direct 
shear tests under constant normal load and constant water content conditions. Particularly the 
soil water retention curve and permeability constitutive models in FLAC were modified by 
considering porosity where the porosity updating frequency in FLAC calculation was 
optimised. The effects of initial infill saturation degree were then studied under the selected 
porosity update times and shear velocity. Other parameters including physical shear rate, 
discontinuity roughness, t/a and normal stress were also investigated. Typical modelling 
results are summarised here. 
(a) The results highlight the shortcomings of the built-in models in FLAC that does not 
include porosity change. Porosity correction significantly changes the mean effective stress 
and the shear stress values from steady state towards a strain softening behaviour. This 
indicates that if FLAC is used directly without porosity correction, the residual shear strength 
of the infilled discontinuities may be significantly overestimated. 
(b) The variations of shear stress, normal displacement, and the mean values of effective 
stress and saturated mobility coefficient within the infill, all showed similar trends during 
shear, regardless of varying conditions. It should be noted that both the degree of saturation 
and matric suction also varied in the shear process which changed the Bishop effective stress 
jointly. To be brief, only the curves of Bishop effective stress are plotted in this chapter. For 
the mated infilled discontinuities investigated here, shear stress reaches peak soon after 
shearing begins and then holds steady or decreases to a residual value and in both cases 
eventually increase again as the asperities come into contact. Noticeable infill compression 
occurs after initial minor dilation, followed by continued compression or distinct dilation (if 
the asperities meet). Bishop effective stress increases slightly at the start, and then decreases 
significantly while all saturated mobility coefficients grow exponentially. General trends of 




Table 6.5 General trends of some important variables during discontinuity shear regardless of 
changing conditions 
Variables First stage Second stage 
Shear stress Raises linearly (elastic stage) then keeps 
increasing to a peak with decaying slope 
Reduces to a residual state 
or remains stable 
Dilation Contracts noticeably after initial slight 
dilation 
Dilates or keeps 
contracting 
Mean effective stress Accelerated drop after initial small 
increase 




Increases slowly; almost holds steady Increases exponentially 
(c) The modelling results of various parameters under different infill degree of saturation, 
physical shear rate, JRC, t/a ratio and normal stress all show reasonable trends. Note that this 
study refers to relatively low normal stress conditions that exist not only in the shallow depth 
but also deep underground where surrounding-rock softening/yielding has been experienced. 
Typical results of these parameters are summarised in Table 6.6.  
































Less decrease Larger in 
later stage 
of shear 







Increase Larger in 
later stage 
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  Chapter 7
Numerical Investigations of Infilled Discontinuity Shear under 
Different Lateral Boundary Confinement Conditions 
 
7.1 Introduction 
Shear behaviour of infilled rock discontinuities largely controls the overall stability of a rock 
mass (Barton et al., 1974). Accurately estimating the discontinuity shear strength is essential 
in jointed rock engineering practice. So far, related laboratory investigations have been 
carried out for over 40 years. Most of these studies used direct shear testing which was also 
adopted in this research. One important concern when conducting the direct shear of infilled 
discontinuities in the laboratory is the boundary conditions of infill material in the shear 
direction, referred to here as the “lateral confinement” conditions of the infill layer. Typically, 
the lateral boundaries are simply set as free or unconfined in the shear direction during testing 
(Ladanyi and Archambault, 1977b; Kutter and Rautenberg, 1979; Papaliangas et al., 1990; 
Indraratna et al., 1999; Jahanian and Sadaghiani, 2015; Lu et al., 2017), and the infill material 
could be squeezed out especially when the discontinuity surface is smooth and/or the infill is 
highly plastic. However, such phenomenon is not likely to occur in the field (Barton, 1973b; 
Kutter and Rautenberg, 1979; Barla et al., 1987). 
It seems that direct shear is not the most appropriate testing method for investigating the 
infilled-joint shear behaviour. Kutter and Rautenberg (1979) attempted to correct the 
experimental error resulting from infill squeezing during direct shear, by considering the rate 
of compaction (squeezing). Xu et al. (1988) designed a rotary shear machine for infilled 
discontinuities, with the lower part of the rock sample and infill material submerged in water. 
However, no additional hydraulic pressure was applied to the water and thus the infill 
material was still nearly unconfined at the lateral boundary. To better simulate the real shear 
conditions of natural infilled discontinuities in the laboratory, Barla et al. (1987) designed a 
simple shear testing apparatus rather than using the direct shear method, where the infill 
squeezing was prevented by a membrane that enabled confining stress to be applied at the 




al. (2016) adopted a triaxial apparatus to study the infilled-joint shear behaviour, where the 
cylindrical sample with a single inclined discontinuity infilled with soil was used. The “lateral” 
boundaries of the infilled soil were thus constrained by the membrane at a certain confining 
pressure. 
Different lateral boundary confinement conditions can be applied to the infill layer when 
conducting the laboratory shear tests of infilled discontinuities, yet comparisons among 
various confinement conditions in the literature are rare. The influences of different lateral 
confinement conditions on the discontinuity shear behaviour in the laboratory and the 
deviations between the laboratory applied conditions and the real field conditions tend to be 
ignored. Compared with laboratory methods, the numerical method is much easier to use and 
more efficient at conducting preliminary comparison studies on a wide range of different 
conditions. In this study, the FLAC (Fast Lagrangian Analysis of Continua) software (Itasca, 
2011) was adopted to investigate the effects of lateral confinement on the infilled joint shear 
behaviour on a laboratory scale. 
7.2 Problem Statement and Modelling Procedures 
Typically there are two stages in conducting laboratory shear tests of infilled discontinuities. 
The infill material is initially compacted (when unsaturated) or consolidated (when saturated) 
to reach equilibrium followed by the second stage where shear movement begins. Ideally, the 
lateral confinement of the infilled discontinuity sample should remain the same during these 
two stages to ensure stabilisation of the infill layer just before shear begins. Numerical tests 
of the first stage (before shearing) were trialled under different lateral conditions to select 
practical ways of preventing the infill squeezing out at the sample boundary. Trials of 9 
lateral confinement methods using FLAC are illustrated in Figure 7.1. 
A fine grid of 99 × 112 zones was set up, representing a horizontal infilled discontinuity 
model of the typical laboratory scale of 100 mm × 110 mm with the 10 mm thick infill layer 
confined by two 50 mm high rock blocks. A constant vertical stress of 1.5 MPa was applied 
perpendicular to the infill discontinuity to simulate CNL conditions typically used in 




upper rock block and the left side of the lower block were fixed in the lateral direction while 
the bottom boundary was fixed in the vertical direction. Note that the orientation of “left” and 
“right” mentioned here as well as in the following contents are defined in Figure 7.1. The 
lateral boundaries of the infill material were confined depending on the investigated situation. 
 
Figure 7.1 Schematics of various infill boundary conditions. 
Note: the abbreviations used in Figure 7.1 are explained here: (a) FB - the Free Boundary 
condition; (b) FLD - the Fixed Lateral Displacement condition; (c) IGLS - the Interface Glued 
at Lateral Sides condition; (d) EGB - Elastic Glued Blocks confined condition; (e) UEB - the 
Unglued Elastic Blocks confined condition; (f) SEB – the Single-side-glued Elastic Blocks 
confined condition; (g) CLS - the Constant Lateral Stress condition; (h) ALS - the Average 




























































































































































(a) FB (b) FLD (c) IGLS 




As this study focused on the infill boundary confinement variations, the upper and lower rock 
parts were defined as an isotropic elastic material. The infill layer was modelled as a Mohr-
Coulomb (M-C) material. Deformability and strength properties required in FLAC for both 
the rock part and the infill part are listed in Table 7.1. The selected values for the infill 
material represent a relatively highly plastic soil (Ortiz et al., 1986). Unglued interfaces in 
FLAC were used to construct the contact planes between the infill material and the rock 
surface, where the Mohr-Coulomb shear-strength criterion applies. 





Constitutive model isotropic elastic M-C model 
Coulomb sliding and/or  
tensile separation 
Dry density, 𝜌d (kg/m
3
) 2700 2000 - 










Poisson’s ratio, 𝜈 0.32 0.2 - 





Drained friction angle, 𝛷 - 20 20 
Dilation angle, 𝑑n - 0 0 
Tension limit, 𝑇𝑙  (Pa) - 1×10
3
 0 
Normal stiffness, kn (Pa/m) - - 1.55×10
11
 




Figure 7.2 and Figure 7.3 demonstrate the deformation, vertical stress and failure states after 
initial equilibrium of the tests at various lateral conditions. Detailed descriptions for each 
condition are as follows: 
(1) The Free Boundary (FB) condition 
The lateral boundary of the infill layer can be unconfined, defined here as the Free Boundary 
(FB) condition (Figure 7.1a). However this condition is unrealistic. It is nearly impossible to 
prepare a sample that can withstand a steady-state loading especially when the discontinuity 
surface is smooth and/or the infill material is highly plastic. This problem is evident in Figure 
7.2(a) where the infill material was squeezed out significantly after only 300 calculation steps. 
If stepped further, these deformations would continue because relatively large velocities and 
maximum unbalanced forces within the infill did not converge towards the static equilibrium. 




occurred around the infill lateral boundaries due to the infill yielding and squeezing out. 
(2) The Fixed Lateral Displacement (FLD) condition 
It is reasonable that the lateral boundary of the infill is set as displacement-fixed during the 
initial stage (Figure 7.1b). This condition is the same as the lateral confinement conditions 
applied in the typical laboratory experiments, as well as the conditions adopted by Indraratna 
et al. (1999). Equilibrium and a stable model can be obtained under this Fixed Lateral 
Displacement (FLD) condition, based on the velocity plots and the maximum unbalanced 
force history as shown in Figure 7.2b. Subsequently, no significant stress concentration, 
relaxation or infill yielding occurred inside the model, as shown in Figure 7.3(b). However, 
the confinement must be removed when shearing starts to allow shear deformation of the 
infill. Such removal will cause a sudden change of the infill boundary conditions, leading to 
possible continued deformation of the infill layer, especially when the infill is highly plastic. 
Hence this condition is not suitable to study various discontinuity scenarios in the field. 
(3) The Interfaces Glued at Lateral Sides (IGLS) condition and the Elastic Glued Blocks 
(EGB) confined condition 
As shown in Figure 7.1(c), both left and right sides of the infill-rock interfaces can be glued 
in the FLAC model to prevent possible squeezing of the infill. This situation is defined here 
as the Interface Glued at Lateral Sides (IGLS) condition. By conducting a trial modelling with 
such condition as shown in Figure 7.2(c), it seems impossible to reach equilibrium before 
shear takes place for discontinuities infilled with relatively high plastic material. Two stress-
relaxed areas formed surrounding the infill lateral boundaries as shown in Figure 7.3(c). They 
were similar to but relatively smaller than the stress-relaxed areas shown in the Free 
Boundary (FB) condition. 
Nevertheless, initial equilibrium of the infilled discontinuity model can be achieved by setting 
two elastic glued blocks on the lateral edges of the infill layer as shown in Figure 7.1(d). This 
method is referred to as the Elastic Glued Blocks (EGB) confined condition. The side infill 




Figure 7.2(d) shows the model after reaching equilibrium under this condition. It can be seen 
that the squeezing of the infill was avoided. However, significant stress concentrations 
occurred around the infill lateral boundaries, as shown in Figure 7.3(d). 
(4) The Unglued Elastic Blocks (UEB) confined condition 
Another technique for preventing squeezing of the infill material is a pair of elastic blocks 
that can be placed at the infill edges without glued interfaces. This method is defined here as 
the Unglued Elastic Blocks (UEB) confined condition. Figure 7.1(e) shows the corresponding 
boundary conditions. The infill deformation was already unacceptable before the static 
equilibrium was achieved, as shown in Figure 7.2(e). The Mohr-Coulomb part of the infill 
started yielding at both left and right ends, and stresses were concentrated around the infill 
lateral boundaries, as indicated in Figure 7.3(e). 
(5) The Single-side-glued Elastic Blocks (SEB) confined condition 
The elastic blocks can be put on lateral edges with glued interfaces only on one block side. 
This condition is also a logical trial, as shown in Figure 7.1(f). However, despite that initial 
equilibrium could be reached under this condition, relatively large deformation occurred on 
the unglued edges of the infill (Figure 7.2f), which is considered unreasonable. As expected, 
Figure 7.3(f) demonstrates extreme stress concentrations occurring around the glued interface 
edges. 
(6) The Lateral Stress Confined (LSC) conditions 
The lateral boundaries of the infill layer can be confined by either varying lateral stresses or 
constant lateral stresses, defined here as the Lateral Stress Confined (LSC) conditions. 
Obviously these conditions are more close to the real practice compared with other conditions 
mentioned above. Possible Lateral Stress Confined (LSC) conditions on the infill lateral 
boundary are: 
(a) the Constant Lateral Stress (CLS) condition, as shown in Figure 7.1 (g); 




direction during shear, reffered to as the Average Lateral Stress (ALS) confined condition, as 
shown in Figure 7.1(h). This condition was trialled to enable simulation of field conditions 
where no boundaries are present. 
(c) the Constant lateral Confining Stiffness (CCS) condition, as shown in Figure 7.1(i). 
Note that the conditions in the stage “before shear” of the above three cases are actually the 
same. The difference emerges when shear starts. Figure 7.2(g) and Figure 7.3(g) show the 
initial equilibrium models for these confining stress conditions. As expected, no apparent 
infill squeezing, yielding and stress concentration / relaxation occurred during the equilibrium. 
In summary, appropriate lateral conditions in the loaded models before shear may only be the 
Elastic Glued Blocks (EGB) confined condition, the Constant Lateral Stress (CLS) condition, 
the Average Lateral Stress (ALS) confined condition, and the Constant Confining Stiffness 
(CCS) condition, listed above. In the following sections, the infilled-joint shear tests were run 
based on the initial equilibrium models under these four lateral boundary conditions 
respectively. A horizontal velocity of 1×10
-8
 m per numerical step was applied to the lower 
block to produce a shear displacement. Planar discontinuities were modelled in all the cases 
for convenience. Related FLAC codes were attached in Appendix 1, together with extra codes 
for generating rough surface with various JRC values. Comparisons between the Elastic 
Glued Blocks (EGB) and the Constant Lateral Stress (CLS) conditions were made. The 
differences in three distinct Lateral Stress Confined (LSC) conditions were explored, i.e. the 
Constant Lateral Stress (CLS), the Average Lateral Stress (ALS), and the Constant Confining 
Stiffness (CCS) conditions. Furthermore, more levels of Constant Confining Stiffness (CCS) 
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(d) EGB-Elastic Glued Blocks 
 
(e) UEB - Unglued Elastic Blocks 
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(g) LSC - Lateral Stress Confined 
 
Figure 7.2 Initial models for various infill confinement conditions before shear. 
(a) FB-Free Boundary 
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(c) IGLS-Interface Glued at Lateral Sides 
 
(d) EGB-Elastic Glued Blocks 
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(f) SEB-Single-side-glued Elastic Blocks 
 
(g) LSC- Lateral Stress Confined 
 
Figure 7.3 Vertical (YY-) stress contours of the initial model at different infill lateral 
boundary conditions 
7.3 Effect of Lateral Confinements 
7.3.1 Comparisons between Elastic Glued Blocks and Constant Lateral Stress confined 
conditions 
The Elastic Glued Blocks (EGB) and the Constant Lateral Stress (CLS) cases are compared 
here. In the first case, two elastic blocks were placed on both lateral edges, and their contacts 
with rock were glued. In the second case, a constant confining stress of 1.5 MPa was applied 
to the infill at the boundaries, which was the same as the initial stresses in all directions 
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within the model. 
As shown in Figure 7.4(a), it is clear that Elastic Glued Blocks (EGB) condition generated a 
much higher shear stress compared to the Constant Lateral Stress (CLS) condition. A residual 
state was reached at 6 mm of shear displacement for the Constant Lateral Stress (CLS) 
condition, while the shear stress grew almost linearly for the EGB condition without failure. 
This is understandable because under EGB, shear slip along the infill-rock interfaces is 
restrained due to glued edges, and the elastic blocks continuously provide shear resistance 
without failure. However, for the Constant Lateral Stress (CLS) condition, the interface is free 
to slip. Figure 7.5(a-b) shows the distinct patterns of the interface slips under different 
conditions. In addition, the shear bands formed inside the infill material are totally different. 
For the Elastic Glued Blocks (EGB) condition, plastic deformation is only distributed within 
the Mohr Coulomb part of the infill. Plastic yielding is concentrated at the lateral edges close 
to the elastic blocks as well as at two parallel inclined shear planes inside (Figure 7.5a). 
However, for the Constant Lateral Stress (CLS) condition, a shear plane is formed along the 
diagonal of the infill layer, as shown in (Figure 7.5b). Also for the Elastic Glued Blocks 
(EGB) condition, both the vertical and horizontal stresses were highly concentrated at the 
infill lateral edges (Figure 7.5a) when compared with the stress distributions under the 
Constant Lateral Stress (CLS) condition (Figure 7.5b). 
 
Figure 7.4 Shear stress vs horizontal displacement curves. Note: EGB = Elastic Glued Blocks, 












































Figure 7.5 Stresses, plastic states, and interface slips after shearing at various lateral boundary 




Figure 7.5 (continued) Stresses, plastic states, and interface slips after shearing at various 




7.3.2 Comparisons of three infill Lateral Stress Confined (LSC) conditions 
Three Lateral Stress Confined (LSC) conditions were compared against each other, including 
the Constant Lateral Stress (CLS) confined condition, the Average Lateral Stress (ALS) 
confined condition, and the Constant Confining Stiffness (CCS) condition with CCS = 0.3 
MPa/mm. 
Figure 7.4(b) shows that CCS produced a higher shear stress than both CLS and ALS. The 
CLS and ALS had almost the same shear strength. The distinction is that the shear stress held 
steady after peak for the CLS, while the ALS had an obvious strain-softening behaviour. In 
addition, the distribution of the shear bands within the infill is different, as shown in (b-d). 
Under the CLS and ALS conditions, shear failure occurred mainly inside the infill layer, 
approximately along its diagonal; while for the CCS condition, shear failure occurred almost 
along the infill-rock interface on the moving side. Accordingly, shear slip occurred on the 
edges of both upper and lower interfaces under the CLS and ALS as shown in Figure 7.5(b-c), 
while for the CCS condition, interface slip occurred only along the lower discontinuity 
surface (d). In terms of stress distributions, both the vertical and horizontal stresses were 
much more concentrated at the CCS condition than the CLS and ALS, while the CLS had 
slightly higher maximum vertical and horizontal stresses than the ALS. 
Figure 7.6(a) shows the variations of applied lateral confining stresses for each condition 
during shear. A horizontal line was plotted for the Constant Lateral Stress (CLS) condition. 
The curve for the Average Lateral Stress (ALS) condition shows that average values of the 
horizontal stress within the infill decreased linearly with a gentle slope before peak shear 
stress was reached, and then dropped steeply after the peak. On the other hand, the Constant 
Confining Stiffness (CCS) condition demonstrates different confining stress trends between 
the left and right sides of the infill. The confining stress increased almost linearly on the right 
side, while for the left side, the confining stress decreased first, and then remained stable after 
moving for 5 mm, before a slight increase when shear stress reached the peak value. Also the 
plotted Constant Confining Stiffness (CCS) curves were much steeper when compared with 





Figure 7.6 Lateral confining stress vs shear displacement. Note: CCS = Constant Confining 
Stiffness (MPa/mm), CLS = Constant Lateral Stress (MPa), ALS = Average Lateral Stress 
(MPa) 
7.3.3 Effect of Constant Confining Stiffness conditions on the discontinuity Shear 
Behaviour 
The discontinuity shear behaviour under different levels of Constant Confining Stiffness (0.3, 
3, 30 MPa/mm) was investigated. Figure 7.5(d-f) shows that in all three stiffness levels, the 
shear failure mainly started along the lower discontinuity surface, and shear slips occurred 
only along the lower interface. There seems to be not much difference in stress distributions 
when the CCS value changes. On the other hand, the shear direction significantly influences 
the variation trends of the confining stresses, as shown in Figure 7.6(b). On the right side, the 
confining stress increases with the increase of CCS, while on the left side, the confining stress 
decreases when the CCS becomes higher. Basically, the shear stress increased when the CCS 
increased, as shown in Figure 7.4(c). Figure 7.7 shows that the CCS value influences the 
shear strength in an exponential way, and an empirical equation was fitted to this relationship: 
 τ = 0.5264 ∙ (𝐾l + 1 × 10−6)0.0101 (7.1) 
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Figure 7.7 shear strengths vs lateral stiffness 
7.4 Summary 
This chapter illustrated the differences in shear behaviour of infilled discontinuities with 
various infill lateral boundary confinement conditions using the numerical modelling software 
FLAC. These results indicate that the lateral boundary condition of the infill layer 
significantly influences the discontinuity shear behaviour. When conducting laboratory direct 
shear tests of infilled discontinuities, it is essential that the boundary influences should be 
considered carefully, and an appropriate lateral confinement condition similar to the field be 
applied. Some important conclusions can be drawn: 
(1) To prevent infill squeezing and establish a stable infilled discontinuity model, certain 
lateral boundary confinement condition should be applied. Practical lateral boundary 
conditions were proposed when numerically modelling the direct shear tests of infilled 
discontinuities. For example, two Elastic Glued Blocks (EGB) can be set on the lateral edges 
of the infill layer, with both sides of the infill-block interfaces glued. Otherwise, either 
varying or constant lateral stress confined conditions are appropriate to achieve the stable 
conditions for discontinuities infilled with weak materials. 
(2) Modelling results clearly show that the lateral boundary conditions of the infill layer play 
a significant role during shear. The patterns of interface slip, stress and shear band 
distribution, and the changes in shear stress and lateral confining stresses, are different under 
various boundary conditions. 
τ = 0.5264(Kl+1 10
-6)0.0101 































(3) In terms of the Constant Confining Stiffness (CCS) conditions, it seems that the CCS 
value has little effects on the modelled stress distribution. In addition, since the 
discontinuities shear from left to right, the confining stress on the right side increases during 
shear, while the stress on the left side decreases. Also, with the rise of applied lateral stiffness, 




  Chapter 8
MODELLING THE INFLUENCE OF WATER SATURATION 
ON STABILITY OF MINE ROADWAYS 
 
8.1 Introduction 
Coal mining roadways are usually developed in the coal seams to service the mine 
infrastructure. The roof-seam-floor strata system is similar to macro infilled rock 
discontinuities, where the coal seam can be considered as the infill layer. In practice, the 
water content or degree of coal seam saturation varies significantly in different geological and 
mining conditions. For example, mining-induced fractures within the strata can connect an 
aquifer with the seam, wetting the originally dry seam to a nearly saturated state. The change 
of the coal seam saturation may largely influence the stress distribution and deformation of a 
mine roadway. This phenomenon is demonstrated here through two numerical models using 
the software FLAC/Two-Phase flow mode. 
8.2 Model Description 
An imaginary single-roadway plane-strain 2-dimensional model was simulated within a 3.5 m 
thick horizontal coal seam, as shown in Figure 8.1. The model was 50 m × 50 m in size, with 
five layers of stratum. The rock type and thickness of each stratum are also displayed in 
Figure 8.1. The roadway was 5 m wide and 3.5 m high. The Mohr-Coulomb constitutive 
model was adopted for all the materials; the bedding planes between adjacent strata used the 
FLAC standard interface model. 
A compressive vertical stress of 11.36 MPa was applied on the top boundary to simulate the 
gravity stress at 500 m deep. The horizontal stress in the model was initialised as twice the 
vertical stress i.e. 22.72 MPa. The horizontal stress normal to the model plane was then 
initialised as the average of the horizontal and vertical stresses i.e. 17 MPa. All three stresses 
were negative representing compressive stresses. The lateral sides of the model were fixed in 
the horizontal direction, while the bottom boundary was fixed in the vertical direction. 




pressure on the boundary remained atmospheric (zero), and the boundary was impermeable to 
water once the water pressure was negative. 
 
Figure 8.1 Simulated roadway, strata geometry and boundary conditions 
All strata were set as fully saturated except for the coal seam where the initial degree of 
saturation ranged from 10% to unity (10%, 30%, 50%, 70%, 90% and 100%). The 
permeabilities of different rock types were selected by refereeing to previous literature reports 
(Thomson, 1978; Bloch, 1991; Bos, 1982; Wilson, 1992; Yang and Aplin, 2010; Kitajima et 
al., 2005). The permeability of the coal seam was determined as 98.7 mD from typical values 
in the field (Seidle, 2011; Bell and Rakop, 1986; Dabbous et al., 1974), representing a highly 
permeable reservoir (Glover, 2008). Van Genuchten parameters and fluid properties were 
obtained from Rutqvist et al. (2010), Wu et al. (2018), Hermanson and Kirste (2013), 
Loschetter et al. (2012) and Itasca (2011). All these properties are listed in Table 8.1. 
Considering that the permeability of rock or coal would increase significantly when the 
material yields and cracks, a FISH subroutine function was used to increase the material 
permeabilities by two orders of magnitude when any type of failure was detected during 
calculation. Figure 8.2 and 8.3 show the relative permeability and water retention curves for 
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Table 8.1 Permeability, water retention and fluid properties 
Properties Roof 2 Roof 1 
Coal 
seam 
Floor 1 Floor 2 




















van Genuchten parameter, P0 (MPa) 0.04 0.0199 0.1 0.101 0.04 
van Genuchten parameter, a 0.7 0.457 0.5 0.33 0.7 
van Genuchten parameters b 0.5 
van Genuchten parameters c 0.5 
Fluid modulus for water, 𝐾w (Pa) 1×10
4
 
Fluid modulus for air, 𝐾g (Pa) 10 
Residual degree of water saturation,⁡𝑆res 0.03 0.3 0.03 0.2 0.03 
Undrained coefficient, 𝛽coe 0 (drained condition) 
Viscosity ratio, 𝜇w 𝜇g⁄  (wetting fluid 
dynamic viscosity over the non-wetting) 
1 
 
Figure 8.2 Relative permeabilities vs effective degree of saturation for different rock types 
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8.3 Parametric study 
Based on the roadway model described above, the influence of initial coal seam saturation 
degree on the stress and deformation of the roadway was studied. Two cases were simulated. 
In the first case, the gas pressure of the whole model was set as atmospheric, while in the 
second case, the gas pressure increased to a high positive value i.e. 1 MPa. Note that fluid 
pore pressure is positive in compression, which is different from the definition of stresses.  
8.3.1 Atmospheric gas pressure condition 
In this case, the pore gas pressure in the model remained zero. The effective stress in FLAC 
was thus simplified to a function of the total stress and the pore water pressure only, as 
described in Equation (8.1) 
 𝜎𝑖𝑗
′ = 𝜎𝑖𝑗 + 𝛿𝑖𝑗𝑆r𝑢𝑤 (8.1) 
where the absolute value of the pore water pressure equals to the matric suction, when the 
water pressure is negative. 
This atmospheric case applies to a field condition where the rock pore is freely connected to 
atmosphere and no trapped fluid with high pressure exists. The material and interface 
properties required in FLAC were mainly based on previous literature reports (Goodman, 
1989; Shang et al., 2016; Bastola and Chugh, 2015) and are shown in Table 8.2. 
Six tests with different initial saturation degree of the coal seam (10%, 30%, 50%, 70%, 90% 
and 100%) were run. The initial pore water pressure within the coal seam changed depending 
on the initial degree of saturation. Figure 8.4 shows the relationships between the initial 






Table 8.2 Material and interface properties in FLAC 




Coal Siltstone Sandstone 
Constitutive model Mohr-Coulomb model 




2250 1800 1187 2470 2250 
Bulk modulus , K (GPa) 26.8 8.8 2.4 15.6 26.8 
Shear modulus, G (GPa) 7 4.3 1.45 10.8 7 
Drained cohesion, c 
(MPa) 
27.2 38.4 1 34.7 27.2 
Drained friction angle, 
𝛷 (°) 
27.8 14.4 10 32.1 27.8 
Dilation angle, 𝑑n (°) 0 
Tension, 𝑇𝑚 (MPa) 1.17 1 0.8 1 1.17 
Specific gravity, 𝐺s* 2.5 2 1.3 2.6 2.5 
Porosity, 𝑛p* 0.1 0.1 0.087 0.05 0.1 
Bedding planes 
Roof 2 –  
roof 1 
Roof 1 - 
seam 
Seam - floor 
1 
Floor 1 –  
floor 2 
Constitutive model Mohr-Coulomb tension-bond interface model 
Drained cohesion, c (MPa) 0.43 0.13 0.33 0.43 
Drained friction angle, 𝛷 (°) 26.4 20 20 29.4 
Tension limit, 𝑇𝑙  (MPa) 1 0.5 0.5 1 
* selected and calculated from http://www.edumine.com/xtoolkit/tables/sgtables.htm 
Figure 8.5 shows the displacement vectors of models with different initial degree of 
saturation after the model was brought to static equilibrium (approximately 40000 steps). The 
maximum displacement values were plotted in Figure 8.6. It is clear that the maximum 
displacement of the roadway model increases as the initial saturation degree of the coal seam 
increases. Moreover, from unsaturated to saturated condition, the roadway maximum 
displacement increases significantly by approximately 70%. 
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Figure 8.5 Displacement vectors for various coal seam initial degree of saturation at 
atmospheric gas pressure condition 
Sr = 10% Sr = 30% 
Sr = 50% Sr = 70% 





Figure 8.6 Maximum displacement vs initial degree of saturation at atmospheric gas pressure 
condition 
Figure 8.7 shows the effects of initial saturation degree on the average values of the coal seam 
pore water pressure and effective stresses after the model equilibrium was achieved. The 
increase of initial saturation degree largely reduces the absolute value of the pore water 
pressure, which in turn decreases the absolute values of the effective normal stresses and the 
Mohr-Coulomb strengths of both the materials and the interfaces. 
 
Figure 8.7 Variations of the average values of effective YY-stress, XX-stress and pore water 
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Note: Effective stresses variations are based on the values at 10% saturation, 




The influences of the coal initial saturation on the Mohr-Coulomb strengths are further 
illustrated in Figure 8.8, where the average strength/stress ratios of both the whole model 
material and the interfaces on the edges of the coal seam are plotted against the coal seam 
initial degree of saturation. 
 
Figure 8.8 Average values of the Mohr-Coulomb strength/stress ratios of the both the whole 
model material and the seam interfaces vs coal initial saturation 
The strength/stress ratio for the Mohr-Coulomb material model, or in other words the factor 





















′ , and 𝜎n
′  are all effective stresses. It should be noted that if the calculated 
strength/stress ratio is larger than 10 then FOS equals to 10. 
It is clear that an increase of the coal seam saturation causes decrease in the factor of safety of 
both the model materials and the interfaces. Details of calculating the average value of the 





























































8.3.2 High gas pressure condition 
In the case described above, the gas pressure within the model remained atmospheric. 
However, pore pressures much higher than atmosphere can often build up in the underground 
strata. If both water and gas exist in the rock/coal pore, an unsaturated condition can occur. 
This case studied the stress and deformation behaviour based on the roadway strata model 
depicted in section 8.2, while a constant pore gas pressure of 1 MPa was initialised in the 
whole model. Since the pore gas pressure is not zero any more, the effective stress defined in 
FLAC is a function of not only the pore water pressure but also the gas pressure, as described 
in Equation (6.24). 
Compared with the atmospheric case, in this scenario the model material and interface 
properties remained the same, except for the properties of the coal seam and the seam-rock 
interfaces which are shown in Table 8.3. 
Table 8.3 Properties for the coal seam and the seam - rock interfaces 
Material Coal 
Dry density, 𝜌d (kg/m
3
) 1187 
Bulk modulus, K (GPa) 4.8 
Shear modulus, G (GPa) 2.9 
Drained cohesion, c (MPa) 3 
Drained friction angle, 𝛷 (°) 15 
Dilation angle, 𝑑n (°) 0 
Tension, 𝑇m (MPa) 0.8 
Specific gravity, 𝐺s 1.3 
Porosity, 𝑛p 0.087 
Interfaces Roof 1 - seam Seam - floor 1 
Drained cohesion, c (MPa) 0.13 0.33 
Drained friction angle, 𝛷 (°) 27.2 30 
Tension limit, 𝑇l (MPa) 0.5 0.5 
 
Four tests with different coal seam initial saturation degree (10%, 50%, 90% and 100%) were 
modelled. Corresponding initial pore water pressures inside the coal seam under each test 
were also plotted in Figure 8.4. 
Because it was difficult for the models to reach equilibrium, the displacement vectors after 
1500 steps were used for comparison as plotted in Figure 8.9. Figure 8.10 summarises both 




various initial saturation degrees. These plots indicate that in the unsaturated region, both the 
maximum displacement and the rate of displacement increased with the increase of the initial 
saturation degree, while these two values drop rapidly when the coal seam is fully saturated. 
This is because both the gas pressure and the water pressure contribute to the effective 
stresses. As shown in Figure 8.11, with the increase of seam initial saturation degree, the 
average normalised pore water pressure (𝑃w = 𝑆r𝑢w) increases, while the average normalised 
pore gas pressure (𝑃g = (1 − 𝑆r)𝑢g) decreases. As a result, the sum of these two parts (PP = 
𝑃w + 𝑃g) follows a unimodal trend (increases first and decrease afterwards) and reaches peak 
at 90% saturation, which leads to the same unimodal trend of the average effective stress and 
the maximum displacement curves. The average values of the coal seam factor of safety 
within 9 m from the roadway ribs were also calculated and plotted in Figure 8.11, considering 
the strength/stress ratios of both the seam material and the seam-rock interfaces. Not 
surprisingly this factor of safety follows the same changing trend as the average normalised 
pore pressure (PP). Figure 8.12 demonstrates the general pattern of the factor of safety around 
the roadway for the case of 50% initial saturation. 
  
  
Figure 8.9 Displacement vectors for various coal seam initial degree of saturation at positive 
gas pressure condition 
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Figure 8.10 Rate of displacement and maximum displacement (1500 steps) vs initial 
saturation at positive gas pressure condition 
 
Figure 8.11 Average values of the normalised pore pressures, effective stress variations and 
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Figure 8.12 Distribution of factor of safety for the case of 50% initial saturation 
8.4 Discussion 
This chapter illustrates the influence of the coal seam initial saturation degree on the 
behaviour of a mine roadway in the coal seam. Two cases were simulated using FLAC/Two-
Phase flow mode, where in the first case the initial gas pressure in the whole model was set as 
atmospheric, while in the second case the initial gas pressure was maintained at 1 MPa. 
Basically smaller effective stresses cause smaller deformation and an increased factor of 
safety for the roadway (effective stresses are compressive and negative). However, the 
influence of the initial coal saturation on the average effective stresses in the coal seam 
follows different patterns in those two cases, since the effective stresses are related to not only 
the pore water pressure but also the pore gas pressure. With an increase of the initial coal 
saturation: the pore water pressure increased in both cases; however, in terms of the pore gas 
pressure, its value in the atmospheric condition remained constant (zero), while it decreased 
significantly in the positive gas pressure condition. As a result, when the initial coal 
saturation increases: the average effective stresses in the coal seam increased strictly 





stresses show a unimodal trend i.e. it increased initially whereas decreasing significantly 
when approaching full saturation. 
Initial variation in saturation induces changes in the effective stresses that in turn influences 
the factor of safety of both the block material and the coal-rock interfaces which jointly 
control the roadway behaviour. This new field research indicates that consideration of water 
saturation is critical in underground mining activities. Further work is required to fully 






  Chapter 9
CONCLUSIONS AND RECOMMENDATIONS 
 
9.1 Conclusions 
This thesis studied the shear behaviour of rock discontinuities filled with unsaturated material 
under Constant Normal Stiffness (CNS) conditions. Laboratory undrained direct shear tests 
were first conducted on discontinuities containing unsaturated infill with an external normal 
stiffness of 7.2 kN/mm. The water content of infill material ranged from 11% to 27.3%. Three 
levels of Joint Roughness Coefficient (JRC) (planar, JRC = 9, and JRC = 19) were sheared. 
Apart from clean discontinuities, the ratio of infill thickness to average asperity height (t/a) 
varied from 0.25 to 0.5 to 1. Three different values of initial normal stress (0.5MPa, 1 MPa, 
and 1.5 MPa) were applied. A mathematical model was then proposed to predict the CNS 
shear strength of discontinuities filled with unsaturated material. The model took into account 
the hydraulic - mechanical behaviour of the unsaturated infill, the shear strength properties of 
both the discontinuity part and the unsaturated infill part, and also the CNS conditions. A 
general framework was then established for numerically modelling the shear behaviour of 
discontinuities filled with unsaturated material. The “first-stage” shear behaviour before the 
discontinuity asperities come into contact was investigated using the software FLAC/Two-
Phase flow model. The infill boundary conditions at the extreme edges of the model were also 
investigated in FLAC to study their influence on the discontinuity shear behaviour. Finally, 
the underground roadway stability was analysed in the FLAC/Two-Phase flow model under 
the influence of the coal seam water saturation. 
The main conclusions derived from this study are described as follows. 
Laboratory Investigations 
 Generally, both the peak shear stresses and the peak normalised shear stresses 
decrease as the infill water content rises within the investigated range. 




shear stresses and the peak normalised shear stresses decrease. 
 The term “normalised shear stress” may not be appropriate to analyse the shear 
behaviour of discontinuities filled with highly unsaturated material, as this term 
refers mainly to the clean discontinuities under CNS conditions. 
Shear Strength Model 
 Incorporated in the proposed model are: the void ratio - related soil water retention 
behaviour of the unsaturated infill material; the mechanical behaviour under both 
static compaction and shear of the infill; the shear strength properties of both the 
unsaturated infill and the rock discontinuity; and the CNS conditions. 
 A parameter η based on t/a and infill void ratio was introduced into the Barton - 
Bandis criterion to consider the influence of infill layer on the discontinuity shear 
strength. 
 Shear strength prediction showed a good match with laboratory results of both 
infilled and clean discontinuities under various conditions (i.e. JRC, t/a, infill water 
content and initial normal stress). 
Numerical Investigation on the “First-stage” Shear Behaviour 
 Porosity was not considered in the original constitutive models using FLAC/Two-
Phase flow model. As a consequence, the residual shear strength, dilation and the 
mean Bishop effective stress of the unsaturated discontinuity infill were 
overestimated, while the mean saturated mobility coefficient was underestimated. 
The influence of porosity - correction times in FLAC on the shear strength 
diminishes when the number of corrections is beyond 30 (i.e. once per 0.05mm of 
shear displacement). 
 The applied shear velocity affects the modelling results significantly. When reducing 
applied shear velocity, the stresses become more balanced, and oscillations in the 





m/step was considered slow enough for reasonable simulation. 
 With the increase of initial infill degree of saturation, the shear strength decreases 
significantly, while the mean values of Bishop effective stress and saturated mobility 
coefficient increases. On the other hand, the strain-softening behaviour vanishes 
when the infill water content exceeds the Optimum Moisture Content (OMC). 
 Physical shear rate within the range simulating static loading has marginal effects on 
the discontinuity shear behaviour. Peak shear strength, dilation, and mean values of 
effective stress and saturated mobility coefficient, all increase slightly with the 
increase of physical shear rate. 
 JRC plays an important role even in the “first-stage” shear. Peak shear stress and the 
shear displacement for residual strength both become larger and the mean effective 
stress decreases when the discontinuity surface becomes rougher. In addition, rough 
discontinuities tend to have larger dilation and saturated mobility coefficient, but the 
influence of JRC on these two variables are not monotonous. 
 The “first-stage” shear behaviour is also sensitive to the value of t/a. With the t/a 
increase, peak shear strength, dilation and mean saturated mobility coefficient 
decrease, while the mean effective stress increases. 
 When the normal stress becomes larger, the peak shear strength and mean saturated 
mobility coefficient increase, while the discontinuity dilation and mean effective 
stress decrease. 
 Generally, the mean effective stress decreases during shear, while the saturated 
mobility coefficients grow exponentially, regardless of various other conditions. 
Numerical Investigations studying the infill boundary conditions at the extreme edges of the 
model 
 To avoid infill squeezing at the model boundaries, special infill boundary conditions 




confine infill at the boundaries, two methods were chosen. These were the “Elastic 
Glued Block (EGB)” confinement and various “lateral stress confinements” applied 
to the infill layer that provided steady and realistic infilled-joint conditions 
acceptable for modelling.  
 The patterns of interface slip, stress and shear band distribution, and the changes in 
shear stress and lateral confining stresses, are dependent on the applied lateral 
boundary conditions.  
 The confining stress varies asymmetrically on both sides under the Constant Lateral 
Stiffness (CLS) conditions during shear. On one side the confining stress increased, 
while on the other side the stress decreased depending on shear directions. Also, the 
lateral stiffness exponentially changes the shear strength of the infilled 
discontinuities. 
Numerical investigation of the mine roadway stability under the influence of coal seam water 
saturation 
 The coal seam water saturation plays an important role in the roadway stability and is 
largely dependent on the pore gas pressure. When the gas pressure in the model 
remained atmospheric, the average factor of safety of the roadway increased with the 
decrease of the seam saturation. However, when the gas pressure was compressed to 
1 MPa, the roadway average factor of safety decreased significantly when dropping 
the saturation from 100% to 90%, but continued to increase with further reduction of 
the seam saturation. 
9.2 Practical Implications 
Some practical implications on the results in this study are presented here. 
Laboratory investigation and shear strength model 
 The influence of infill water content on the discontinuity shear strength may be small; 




 Both the laboratory results and the numerical simulations indicated that the decrease 
of infill water content strengthens the unsaturated-material-filled discontinuities. The 
proposed strength model implied that the discontinuity shear strength can increase by 
about 20 kPa to 180 kPa, depending on the conditions of JRC and t/a, when the infill 
water content varies in the range of 10% to 28%, with initial normal stresses in the 
magnitude of 0.5 MPa ~ 1.5 MPa. Such increase in the shear strength may seem 
much smaller compared with the strength changes due to variations of other 
parameters e.g. JRC, t/a and initial normal stress. Yet, it is about 2 to 18 tonnes per 
square meter. This could play a weighty role in engineering stability analysis and 
support design. 
 The proposed shear strength model shows that the strength changes by infill water 
content is more significant at higher ranges of water content. For lower ranges, the 
changes in shear strength are smaller, regardless of much higher infill matric suction. 
This means that a small extent of drying to the saturated infilled discontinuities could 
largely strengthen the discontinuities. Hence, when conducting laboratory tests on 
highly saturated in-situ jointed rock specimens, extreme care should be taken to 
maintain the field water contents. Furthermore, in practice, despite that most 
underground excavations are located in saturated zones, a small de-saturated region 
can form around the excavation, depending on drainage, ventilation and geothermal 
conditions. Although such de-saturation process may not significantly dry the infill 
material, the discontinuity shear strength could be essentially increased compared 
with original fully saturated condition. 
 The initial normal stress applied in this study represents not only shallow depth, but 
also for excavations deep underground. The infilled discontinuity shear behaviour 
was investigated at relatively small levels of initial normal stress (0.5 MPa ~ 1.5 
MPa). Such condition can also happen around stress relieved (softened) zones 
typically found surrounding underground excavations. During excavating, the 
surrounding rock fails or yields, and the residual normal stress applied to the infilled 




 Despite that the term “normalised shear stress” is commonly used when accessing the 
macro friction coefficient of rock discontinuities under CNS conditions, this term 
may be suitable for clean discontinuities but not infilled discontinuities, especially 
when the infill contributes a high cohesion intercept in the shear strength envelopes. 
Numerical simulation 
 Porosity corrections of the intrinsic Soil Water Retention Curve (SWRC) and 
permeability models in FLAC/Two-Phase flow model are essential to prevent 
overestimation on the “first-stage” residual shear strength of infilled discontinuities. 
 The “strain-softening” behaviour observed from the “first-stage” numerical 
simulation is important in some engineering cases. Take the large-scale infilled 
discontinuities around underground excavations for example. These discontinuities 
could shear for a very long distance and cause damage before asperities come into 
contact, so the “first-stage” shear behaviour is more vital than the “second-stage”. 
Furthermore, the discontinuities could undergo intermittent shear for a long time 
after excavation. Hence, the residual shear strength rather than the peak shear 
strength should be referenced when accessing the surrounding rock stability. 
 The “first-stage” numerical simulation also indicated that the infill saturated mobility 
coefficient varies during shear. It increased exponentially after stress reached a peak. 
Also, with the increase of infill degree of saturation or normal stress, or with the 
decrease of t/a, the mean saturated mobility coefficient increased further. These 
results could play an important role in gas outbursts/explosions and drainage in 
underground coal mines. 
 The physical shear rate has little effect on the discontinuity shear behaviour in 
undrained condition within the range of simulated static loading. In other words, 
when conducting shear tests of unsaturated infill discontinuities under rigid 
undrained laboratory conditions, it may not be necessary to use an extremely low 




 The shear stress-displacement results show that the peak shear stress for infilled 
discontinuities is sensitive to JRC and t/a ratio even before the asperities come into 
contact. Such influences should be well appreciated especially when the “first-stage” 
shear displacement is large enough to cause engineering damage. 
 Numerical investigation on the discontinuity shear behaviour under different infill 
lateral boundary conditions indicates that the lateral confinement condition plays a 
significant role in the discontinuity shear and needs careful consideration before 
conducting laboratory shear tests of infilled discontinuities. 
 Modelling results of the roadway stability analysis show that when studying 
unsaturated conditions, both the water pressure and the gas pressure dominate the 
effective stresses and the roadway deformation significantly and need to be taken 
into account simultaneously. 
9.3 Recommendations for Future Research 
This study mainly investigated the shear behaviour of rock discontinuities filled with 
unsaturated materials under CNS conditions. A series of CNS direct shear tests were carried 
out in a laboratory and a new shear strength model was proposed. Numerical simulations 
were also conducted on different scales. In the laboratory scale, the “first-stage” shear 
behaviour of unsaturated-material-filled discontinuities and the lateral confinement of the 
discontinuity infill were studied. In the macro engineering scale, the underground roadway 
stability under the influence of coal seam saturation was analysed. However, there are some 
limitations of current work. Following recommendations are suggested for future research. 
(1) The proposed shear strength model needs further improvement, regardless of its good 
predictions. 
 The model was not verified by natural infilled rough discontinuities. Only the 
Barton’s standard 2-D discontinuity profiles were employed in this study for 
convenience. Further testing on irregular 3-D natural discontinuities filled with 




 Hydraulic hysteresis of the SWRC curve was neglected in the model. Hydraulic 
parameters corresponding to peak shear strength were estimated by the values at the 
moment of asperity contact. Although such an assumption is acceptable according to 
the prediction results, incorporating the full-path SWRC models may help interpret 
the shear behaviour of discontinuities filled with unsaturated material more precisely. 
 Only one type of infill material was adopted in this study. Discontinuities containing 
different infill materials with varying soil-water characteristics need to be tested in 
the future to validate the proposed model. 
 The influence of dynamic and cyclic loading and scale effects should be involved. 
(2) Some recommendations on the numerical investigation into the shear behaviour of 
unsaturated material-filled discontinuities are as follows. 
 The Mohr-Coulomb model used for the unsaturated infill material does not 
accurately describe its volumetric strain, and hydraulic hysteresis of the SWRC was 
neglected. Future research should consider more accurate constitutive models for 
unsaturated soils to be embedded in FLAC through FISH subroutines, so that the 
deformation and strength of infilled discontinuities can be simulated more precisely. 
 The “whole-stage” shear behaviour of discontinuities filled with unsaturated material 
should be studied. 
 The infill-rock interface was simply assumed as impermeable, while this may not be 
true in reality. The water interaction between the infill material and the rock material 
may need to be considered. 
 The influences of dynamic loading, constant normal stiffness loading, drainage 
conditions and specimen scale should be studied. 
(3) Based on the numerical study on the influences of infill lateral boundary conditions on the 




 The study focused on the possible lateral confinement conditions applied in the 
numerical models only, and corresponding laboratory procedures were not studied. 
For laboratory practice, such conditions can be achieved by using elastic membranes 
at the lateral boundaries, with a sealed system to apply either constant or varying 
lateral stresses, for example the shear apparatus adopted by Barla et al. (1987) or the 
conventional triaxial testing system. 
 The shear behaviour of infilled discontinuities was only modelled on a laboratory 
scale, representing a small segment of large scale discontinuities in the field. The 
deviations between the laboratory applied boundary conditions and the real field 
conditions should be well recognised. In addition, boundary effects i.e. the influences 
of stress concentration / relaxation at the infill lateral boundaries on the laboratory 
shear testing were not studied. These are largely dependent on the applied boundary 
confinement conditions and the relative sizes between the infill thickness, 
discontinuity asperity height and the discontinuity surface dimensions. In terms of 
discontinuities filled with unsaturated material, uneven stress distributions within the 
infill due to boundary effect could lead to inhomogeneous distributions of void ratio, 
degree of saturation, matric suction and finally uneven shear strengths in the infill. 
However, the role of infill degree of saturation in the boundary effects was not 
considered in this study. Also, scale effects were not considered. All these boundary 
and scale effects need to be fully appreciated, so that the appropriate laboratory 
boundary conditions and sample sizes can be chosen to accurately represent the field 
conditions. An empirical method of correcting the laboratory test results can also be 
implemented. In the future study, these effects under each lateral confinement 
condition can be investigated numerically, considering that numerical methods are 
suitable for modelling much larger field-scale cases. 
 The laboratory tests were only simulated in two dimensions. The influences of the 
infill lateral confinements in the way perpendicular to the shear direction were not 
investigated. Further three-dimensional simulation should be carried out to examine 




direction (typically displacement-fixed boundary), when conducting the laboratory 
direct shear tests of infilled discontinuities. 
(4) Modelling the influence of the coal seam water saturation on the underground roadway 
stability has some limitations: 
 The permeability change under the influence of deformation and yielding was 
considered by a simplified FISH subroutine function. Also, the permeability of the 
strata was given as isotropic for convenience. Further accurate relationships between 
the porosity and the anisotropic permeability for coal and rock can be embedded into 
FLAC to study this behaviour. 
 Only a simple roadway model was simulated to emphasize the role of the coal seam 
saturation. In the future, more complicated mining cases containing weak layers or 
discontinuities can be modelled using the FLAC/Two-Phase flow. These involve not 
only coal mining but also metalliferous mining where the ore and the sedimentary 
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1. FLAC Code 
1.1 FLAC code to simulate the “first-stage” shear behaviour of discontinuities filled with 
unsaturated soil (Chapter 6) 
1.1.1 Initial stage before shear 
new 
; --- model setup --- 
config tpflow    ; two phase flow mode 
set flow on 
set step=10000000000 
set large 
grid 153 27    ; t/a=0.5 
; grid 153 30    ; t/a=1 
; grid 153 33    ; t/a=1.5 
mod e 
prop den=2500 bu=10.65e9 sh=4.36e9 ; properties for rock part (gypsum plaster) 
mod ss notnull i=2,152 j=13,15  ; t/a=0.5 
; mod ss notnull i=2,152 j=13,18  ; t/a=1 
; mod ss notnull i=2,152 j=13,21  ; t/a=1.5 
prop den=2000 bu=7.8e6 sh=5.8e6 dila=0 fr=20 co=14e3 t=1e3 i=2,152 j=13,15 
; infill with t/a=0.5 
; prop den=2000 bu=7.8e6 sh=5.8e6 dila=0 fr=20 co=14e3 t=1e3 i=2,152 j=13,18 
; infill with t/a=1 
; prop den=2000 bu=7.8e6 sh=5.8e6 dila=0 fr=20 co=14e3 t=1e3 i=2,152 j=13,21 
; infill with t/a=1.5 
mod nul j=12 
mod nul j=16    ; t/a=0.5 
; mod nul j=19    ; t/a=1 
; mod nul j=22    ; t/a=1.5 
mod nul i=1,2 
mod nul i=152,153  
; --- grid generation with infill thickness t = 1.47 mm for planar discontinuities and 
discontinuities with JRC=9  
and and t/a=0.5 --- 
gen 0.00131,0 0.00131,0.02 0.09869,0.02 0.09869,0 rat 1 0.88 and 
    i=3,152 j=1,12    ; lower rock 
gen 0.00131,0.02 0.00131,0.02147 0.09869,0.02147 0.09869,0.02  rat 1 1 and 
    i=3,152 j=13,16   ; infill 
gen 0.00131,0.02147 0.00131,0.04147 0.09869,0.04147 0.09869,0.02147 rat 1 1.14 and 
i=3,152 j=17,28   ; upper rock 
; --- grid generation with infill thickness t = 1.97 mm for discontinuities with JRC=19 and 
t/a=0.5 --- 
; gen 0.00131,0 0.00131,0.02 0.09869,0.02 0.09869,0 rat 1 0.88 and 
i=3,152 j=1,12 





; gen 0.00131,0.02197 0.00131,0.04197 0.09869,0.04197 0.09869,0.02197 rat 1 1.14 and 
i=3,152 j=17,28 
; --- grid generation with infill thickness t = 2.94 mm for discontinuities with JRC=9 and 
t/a=1 --- 
; gen 0.00131,0 0.00131,0.02 0.09869,0.02 0.09869,0 rat 1 0.88 and 
i=3,152 j=1,12 
; gen 0.00131,0.02 0.00131,0.02294 0.09869,0.02294 0.09869,0.02  rat 1 1 and 
i=3,152 j=13,19 
; gen 0.00131,0.02294 0.00131,0.04294 0.09869,0.04294 0.09869,0.02294 rat 1 1.14 and 
i=3,152 j=20,31 
; --- grid generation with infill thickness t = 4.41 mm for discontinuities with JRC=9 and 
t/a=1.5 --- 
; gen 0.00131,0 0.00131,0.02 0.09869,0.02 0.09869,0 rat 1 0.88 and 
i=3,152 j=1,12 
; gen 0.00131,0.02 0.00131,0.02441 0.09869,0.02441 0.09869,0.02  rat 1 1 and 
i=3,152 j=13,22 
; gen 0.00131,0.02441 0.00131,0.04441 0.09869,0.04441 0.09869,0.02441 rat 1 1.14 and 
    i=3,152 j=23,34 
int 1 aside from 3,12 to 152,12 bside from 3,13 to 152,13         ; lower interface 
int 2 aside from 3,16 to 152,16 bside from 3,17 to 152,17         ; upper interface for t/a=0.5 
; int 2  Aside from 3,19 to 152,19 Bside from 3,20 to 152,20    ; t/a=1 
; int 2  Aside from 3,19 to 152,19 Bside from 3,20 to 152,23    ; t/a=1.5 
int 1 ks=3.1e10 kn=3.1e10 fric=20 coh=14e3 t=0 
int 2 ks=3.1e10 kn=3.1e10 fric=20 coh=14e3 t=0 
; --- generating rough surface --- 
; call jrc9_154.txt  ; generating rough surface with JRC=9 (see Appendix 2) 
; call jrc19_154.txt ; generating rough surface with JRC=19 (see Appendix 2) 
def data 
    loop xx(3,152) 
        dy=ytable(1, xx) 
        loop yy(13,16) 
            c_y=y(xx,yy)+dy 
            command 
                ini y=c_y i=xx j=yy 
            end_command 
        end_loop 
    end_loop 
    loop xx(3,152) 
        dy=ytable(1, xx) 
        loop yy(2,12) 
            c_y=y(xx,yy)+dy*(0.1*(yy-2)) 
            command 
                ini y=c_y i=xx j=yy 
            end_command 
        end_loop 
        loop yy(17,27) 
        c_y=y(xx,yy)+dy*(1-0.1*(yy-17)) 
            command 
                ini y=c_y i=xx j=yy 
            end_command 
        end_loop 
    end_loop   
end 
; data 
fix y j 1 
fix x i 152 j 17 28    ; t/a=0.5 
; fix x i 152 j 20 31   ; t/a=1 
; fix x i 152 j 23 34   ; t/a=1.5 
fix x i 3 j 17 28    ; t/a=0.5 




; fix x i 3 j 23 34    ; t/a=1.5 
fix x i 3 j 1 12 
fix nwpp 
water density = 1000   ; water density 
apply pressure 0.5e6 from 3,28 to 152,28 ; t/a=0.5, initial normal stress = 0.5mpa 
; apply pressure 1e6 from 3,28 to 152,28 ; t/a=0.5, initial normal stress = 1mpa 
; apply pressure 1.5e6 from 3,28 to 152,28 ; t/a=0.5, initial normal stress = 1.5mpa 
; apply pressure 0.5e6 from 3,31 to 152,31 ; t/a=1 
; apply pressure 0.5e6 from 3,34 to 152,34 ; t/a=1.5 
; --- initial unsaturated parameters --- 
def variation 
    c_f = 0.004621    ; Gallipoli model parameter phi 
    yy1 = 4.116504       ; Gallipoli model psi 
    aa = 0.22746           ; van Genuchten model a 
    c_poro = 0.544 ; porosity 
    PIndex = 32      ; plasticity index 
    PLimit = 32      ; plastic limit 
array dee(149,3) c_inip(149,3) c_p0(149,3) c_pe(149,3) cmi(149,3) 
; define array for restoring volume change of every zone in fill (t/a=0.5) 
  ; array dee(149,6) c_inip(149,6) c_p0(149,6) c_pe(149,6) cmi(149,6) 
; define array for restoring volume change of every zone in fill (t/a=1) 
  ; array dee(149,9) c_inip(149,9) c_p0(149,9) c_pe(149,9) cmi(149,9) 
; define array for restoring volume change of every zone in fill (t/a=1.5) 
    loop i(1,izones-4)  
        loop j(1,3)       ; t/a=0.5 
        ; loop j(1,6)     ; t/a=1 
        ; loop j(1,9)    ; t/a=1.5 
            dee(i,j)=0 
            c_inip(i,j)=0 
            c_p0(i,j)=0 
            c_pe(i,j)=0 
            cmi(i,j)=0 
        end_loop 
    end_loop 
end 
variation 
ini poro = c_poro  ; initialise porosity 
ini sat = 0.5 j 13 16 ; t/a=0.5, Sr=0.5 
; ini sat = 0.6 j 13 16 ; t/a=0.5, Sr=0.6 
; ini sat = 0.99 j 13 16 ; t/a=0.5, Sr=0.99 
; ini sat = 0.5 j 13 19 ; t/a=1, Sr=0.5 
; ini sat = 0.5 j 13 22 ; t/a=1.5, Sr=0.5 
ini fmodulus = 2e9 ; fluid modulus of water 
ini f2modulus = 1.0 ; fluid modulus of air 
ini vgpcw = 0.5  ; van Genuchten model b 
ini vgpcnw = 0.5  ; van Genuchten model c 
ini rsat = 0.0  ; residual saturation 
ini udcoe = 0  ; drained condition 
ini visrat = 1.0  ; dynamic viscosity ratio 
ini vga = aa  ; van Genuchten model a 
ini nwpp = 0.0  ; atmosphere 
ini wpermeability=0 
; --- porosity correction --- 
def c_Setup 
    sum_strain=0 
    sum_poros=0 
    sum_per=0 
    PartA=0 
    PartB=0 




    N1=0 
    c_k=0 
    c_g=0 
    e1=0 
    e2=0 
    zone_strain=0 
    e=0 
    sa_kH=0 
    pp_top=0 
    vgp0_top=0 
    ave_strain=0 
    ave_poros=0 
    ave_per=0 
    m_inip=0 
    m_p0=0 
    m_pe=0 
    mmi=0  
    loop i (3,izones-2) 
        loop j (13,15)    ; t/a=0.5 
        ; loop j (13,18)    ; t/a=1 
        ; loop j (13,21)    ; t/a=1.5 
            PartA = (sxx(i,j)+syy(i,j))/2 
            PartB = 0.5*sqrt((sxx(i,j)- syy(i,j))^2+4*sxy(i,j)^2)  
            N3 = PartA+PartB    ; maximum principal stress 
            N1 = PartA-PartB    ; minimum principal stress 
            c_k = bulk_mod(i,j) 
            c_g = shear_mod(i,j) 
            e1 = c_k + 4. * c_g /3. 
            e2 = c_k - 2. * c_g /3.   ; alpha 1 and alpha 2 in Hooke’s law 
            if e_plastic(i,j) = 0 then 
                zone_strain = 2*((N3+N1)/(e1+e2))/(2+((N3+N1)/(e1+e2))) 
; elastic strain increment for large strain 
                dee(i-2,j-12)= zone_strain 
            else 
                zone_strain = dee(i-2,j-12) + e_plastic(i,j) 
       ; elastic + plastic volumetric strain 
            end_if 
            cmi(i-2,j-12)=1-((2-zone_strain)/(2+zone_strain))*(1-c_poro) 
; large strain porosity 
            e = cmi(i-2,j-12)/(1-cmi(i-2,j-12))  ; void ratio 
            c_p0(i-2,j-12) = 1/(c_f*e^(yy1))*1000 ; van Genuchten model p0 
            c_inip(i-2,j-12) = -c_p0(i-2,j-12)*(sat(i,j)^(-1/aa)-1)^(1-aa) 
       ; initial pore pressure 
            sa_kH = 0.0174/(1+e)*((e-0.027*(PLimit-0.242*PIndex))/PIndex)^4.29 
            c_pe(i-2,j-12) = sa_kH *10 * 1.02/1000000 ; sat mobility coefficient  (m^2/(Pa-sec)) 
            sum_strain = sum_strain+zone_strain ; total strain 
            sum_poros = sum_poros+cmi(i-2,j-12) 
            sum_per = sum_per+c_pe(i-2,j-12) 
        end_loop 
    end_loop 
ave_strain = sum_strain/float(izones-4)/3  ; t/a=0.5 
    ; ave_strain = sum_strain/float(izones-4)/6 ; t/a=1 
    ; ave_strain = sum_strain/float(izones-4)/9 ; t/a=1.5 
ave_poros = sum_poros/float(izones-4)/3  ; t/a=0.5 
    ; ave_poros = sum_poros/float(izones-4)/6 ; t/a=1 
               ; ave_poros = sum_poros/float(izones-4)/9 ; t/a=1.5 
ave_per = sum_per/float(izones-4)/3  ; t/a=0.5 
    ; ave_per = sum_per/float(izones-4)/6  ; t/a=1 
               ; ave_per = sum_per/float(izones-4)/9  ; t/a=1.5 




    ; solo_zone=cmi(73,3)    ; t/a=1 




    while_stepping 
    c_setup 
end 
def setup 
    loop i (3,izones-2) 
        loop j (13,15)    ; t/a=0.5 
        ; loop j (13,18)    ; t/a=1 
        ; loop j (13,21)    ; t/a=1.5 
            m_inip=c_inip(i-2,j-12) 
            m_p0=c_p0(i-2,j-12) 
            m_pe=c_pe(i-2,j-12) 
            mmi=cmi(i-2,j-12) 
            command 
                ini pp = m_inip i=i, j=j 
                ini vgp0 = m_p0 i=i, j=j 
                ini wpermeability = m_pe i=i, j=j ; isotropic saturated mobility coefficient 
                ini poro = mmi i=i, j=j 
            end_command 
        end_loop 
    end_loop 
    loop i (3,izones-1) 
        j = 15+1    ; t/a=0.5 
        ; j = 18+1    ; t/a==1 
        ; j = 21+1    ; t/a==1.5 
        pp_top = gpp(i,j-1) 
        vgp0_top = vgp0(i,j-1) 
        command 
            ini pp = pp_top i=i, j=j 
            ini vgp0 = vgp0_top i=i, j=j 
        end_command 
    end_loop   
loop j (13,16)    ; t/a=0.5 
    ; loop j (13,19)    ; t/a=1 
    ; loop j (13,22)    ; t/a=1.5 
        i = izones-1 
        pp_top = gpp(i-1,j) 
        vgp0_top = vgp0(i-1,j) 
        command 
            ini pp = pp_top i=i, j=j 
            ini vgp0 = vgp0_top i=i, j=j 
        end_command 
    end_loop 
end 
setup 
hist nstep 1 
hist ave_strain ave_poros ave_per solo_zone 
hist 999 unbalanced 
ini fmod 1e-10 f2mod 0 
set flow off mech on 
solve 
set flow on mech on 
ini fmod 2e9 f2mod 1 
sav ini_j0.sav 
           ; save ini_j9-ta05.sav 




           ; save ini_j9-ta10.sav 
           ; save ini_j9-ta15.sav 
           ; save ini_j9-n10.sav 
           ; save ini_j9-n15.sav 
           ; save ini_j9-sr60.sav 
           ; save ini_j9-sr99.sav 
 
1.1.2 Shear stage 
n 
rest ini_j0.sav    ; planar discontinuities 
           ; rest ini_j9-ta05.sav ; jrc=9, t/a=0.5, sigma_n=0.5mpa, Sr=0.5 
           ; rest ini_j19.sav  ; jrc=19, t/a=0.5, sigma_n=0.5mpa, Sr=0.5 
           ; rest ini_j9-ta10.sav ; jrc=9, t/a=1, sigma_n=0.5mpa, Sr=0.5 
           ; rest ini_j9-ta15.sav ; jrc=9, t/a=1.5, sigma_n=0.5mpa, Sr=0.5 
           ; rest ini_j9-n10.sav ; jrc=9, t/a=1, sigma_n=1mpa, Sr=0.5 
           ; rest ini_j9-n15.sav ; jrc=9, t/a=1.5, sigma_n=1.5mpa, Sr=0.5 
           ; rest ini_j9-sr60.sav ; jrc=9, t/a=1.5, sigma_n=0.5mpa, Sr=0.6 
           ; rest ini_j9-sr99.sav ; jrc=9, t/a=1.5, sigma_n=0.5mpa, Sr=0.99 
set echo on 
set step=10000000000 
ini udcoe 1  ; undrained condition 
ini xvel 1e-8  j 1 12 ; shear velocity 1e-8 m/step 
           ; ini xvel 1e-6  j 1 12 ; shear velocity 1e-6 m/step 
           ; ini xvel 1e-7  j 1 12 ; shear velocity 1e-7 m/step 
           ; ini xvel 1e-9  j 1 12 ; shear velocity 1e-9 m/step 
def ini_value 
    miny=y(3,14)-y(3,13) 
    max_per=wk11(3,14) 
    c_srate=0.01 
    m_ngw=0 
    m_nmech=0 
    c_timestep=0 
    c_step=0 
    c_ngw=1 
    c_nmech=1 
    c_kw=1.6 8e8  ; adjusted water bulk modulus so that Rk <=20 
    sum=0   ; monitor shear stress 
    sum1=0  ; monitor shear displacement 
    sh_stress=0 
    bo_xdisp=0 
    tt_syy=0  ; initialise all variables as zero 
    tt_ydisp=0 
    tb_syy=0 
    tb_ydisp=0 
    bt_sxx=0 
    bt_syy=0 
    bt_xdisp=0 
    s_sxx=0 
    s_syy=0 
    s_per=0 
    s_poro=0 
    t_syy=0 
    t_ydisp=0 
    b_sxx=0 
    b_syy=0 




    s_gpp=0 
    s_saturation=0 




    while_stepping 
    ini_value    ; initialise all variables as zero every step 
    loop i(3,izones-2) 
        tt_syy=tt_syy+syy(i,27)  ; accumu syy in top rock bound (top) (t/a=0.5) 
        ; tt_syy=tt_syy+syy(i,30)  ; accumu syy in top rock bound (top) (t/a=1) 
        ; tt_syy=tt_syy+syy(i,33)  ; accumu syy in top rock bound (top)  (t/a=1.5) 
        tt_ydisp=tt_ydisp+ydisp(i,27)  ; accumu n disp in top rock bound (top) (t/a=0.5) 
        ; tt_ydisp=tt_ydisp+ydisp(i,30) ; accumu n disp in top rock bound (top) (t/a=1) 
        ; tt_ydisp=tt_ydisp+ydisp(i,33) ; accumu n disp in top rock bound (top) (t/a=1.5) 
        tb_syy=tb_syy+syy(i,17)  ; accumu syy in top rock bound (bottom) (t/a=0.5) 
        ; tb_syy=tb_syy+syy(i,20)  ; accumu syy in top rock bound (bottom) (t/a=1) 
        ; tb_syy=tb_syy+syy(i,23)  ; accumu syy in top rock bound (bottom) (t/a=1.5) 
        tb_ydisp=tb_ydisp+ydisp(i,17) ; accumu n disp in top rock bound 2 (bottom)  
and (t/a=0.5) 
        ; tb_ydisp=tb_ydisp+ydisp(i,20) ; accumu n disp in top rock bound 2 (bottom)  
and (t/a=1) 
        ; tb_ydisp=tb_ydisp+ydisp(i,23) ; accumu n disp in top rock bound 2 (bottom)  
and (t/a=1.5) 
        bt_sxx= bt_sxx+sxx(i,11)  ; accumu sxx in bottom rock bound (top) 
        bt_syy=bt_syy+syy(i,11)  ; accumu syy in bottom rock bound (top) 
        bt_xdisp=bt_xdisp+xdisp(i,11) ; accumu xsdisp in bottom rock bound (top) 
    end_loop 
    tt_syy=tt_syy/float(izones-4)  ; average syy in top rock boundary (top) 
    tt_ydisp=tt_ydisp/float(izones-4)  ; average normal disp in top rock boundary (top) 
    tb_syy=tb_syy/float(izones-4)  ; average syy in top rock boundary (bottom) 
tb_ydisp=tb_ydisp/float(izones-4) ; average normal disp in top rock boundary 2  
and (bottom) 
    bt_sxx=bt_sxx/float(izones-4)  ; average sxx in bottom rock boundary (top) 
    bt_syy=bt_syy/float(izones-4)  ; average syy in bottom rock boundary (top) 
bt_xdisp=bt_xdisp/float(izones-4) 
; average xsdisp in bottom rock boundary (top) 
    loop i(3,izones-2) 
        loop j(13, 15)   ; t/a=0.5 
        ; loop j(13, 18)   ; t/a=1 
        ; loop j(13, 21)   ; t/a=1.5 
            s_sxx=s_sxx+sxx(i,j)  ; accumulated sxx in infill 
            s_syy=s_syy+syy(i,j)  ; accumulated syy in infill 
            s_per=s_per+wk11(i,j)  ; accumulated permeability in infill 
            s_poro=s_poro+poro2(i,j)  ; accumulated porosity 
        end_loop 
    end_loop 
s_sxx=s_sxx/float(izones-4)/3  ; average sxx in infill (t/a=0.5) 
    ; s_sxx=s_sxx/float(izones-4)/6  ; average sxx in infill (t/a=1) 
    ; s_sxx=s_sxx/float(izones-4)/9  ; average sxx in infill (t/a=1.5) 
s_syy=s_syy/float(izones-4)/3  ; average syy in infill (t/a=0.5) 
    ; s_syy=s_syy/float(izones-4)/6  ; average syy in infill (t/a=1) 
    ; s_syy=s_syy/float(izones-4)/9  ; average syy in infill (t/a=1.5) 
s_per=s_per/float(izones-4)/3  ; average permeability in infill (t/a=0.5) 
    ; s_per=s_per/float(izones-4)/6  ; average permeability in infill (t/a=1) 
    ; s_per=s_per/float(izones-4)/9  ; average permeability in infill (t/a=1.5) 
s_poro=s_poro/float(izones-4)/3  ; average porosity in infill (t/a=0.5) 
    ; s_poro=s_poro/float(izones-4)/6 ; average porosity in infill (t/a=1) 
    ; s_poro=s_poro/float(izones-4)/9 ; average porosity in infill (t/a=1.5) 




        loop j(17,27)    ; t/a=0.5 
        ; loop j(20,30)   ; t/a=1 
        ; loop j(20,33)   ; t/a=1.5 
            t_syy=t_syy+syy(i,j)  ; accumulated syy in top rock 
            t_ydisp=t_ydisp+ydisp(i,j)  ; accumulated ydisp in top rock 
        end_loop 
    end_loop 
    t_syy=t_syy/float(izones-4)/ 11  ; ave syy in top rock 
    t_ydisp=t_ydisp/float(izones-4)/11 ; ave normal disp in top rock 
    loop i(3,izones-2)   ; bottom rock 
        loop j(1,11) 
            b_sxx=b_sxx+sxx(i,j)  ; accumu sxx in bottom rock 
            b_syy=b_syy+syy(i,j)  ; accumu syy in botttom rock 
            b_xdisp=b_xdisp+xdisp(i,j)  ; accumu shear disp in bottom rock 
        end_loop 
    end_loop 
    b_sxx=b_sxx/float(izones-4)/11    ; ave sxx in bottom rock 
    b_syy=b_syy/float(izones-4)/11    ; ave syy in botttom rock 
    b_xdisp=b_xdisp/float(izones-4)/11   ; ave shear disp in bottom rock 
    loop i(3,izones-1)     ; gridpoints in infill 
        loop j(13,16)      ; t/a=0.5 
        ; loop j(13,19)     ; t/a=1 
        ; loop j(13,22)     ; t/a=1.5 
            s_gpp=s_gpp+gpp(i,j)    ; accum gpp in infill 
            s_saturation=s_saturation+sat(i,j)   ; accum saturation in infill 
        end_loop 
    end_loop 
s_gpp=s_gpp/float(izones-3)/4    ; ave gpp in infill (t/a=0.5) 
    ; s_gpp=s_gpp/float(izones-3)/7    ; ave gpp in infill (t/a=1) 
    ; s_gpp=s_gpp/float(izones-3)/10   ; ave gpp in infill (t/a=1.5) 
s_saturation=s_saturation/float(izones-3)/4  ; ave saturation in infill (t/a=0.5) 
    ; s_saturation=s_saturation/float(izones-3)/7  ; ave saturation in infill (t/a=1) 
    ; s_saturation=s_saturation/float(izones-3)/10  ; ave saturation in infill (t/a=1.5) 
    loop i(3,152) 
        loop j(13,15)      ; t/a=0.5 
        ; loop j(13,18)     ; t/a=1 
        ; loop j(13,21)     ; t/a=1.5 
            if miny > y(i,j+1)-y(i,j) then   ; minimum zone size 
                miny=y(i,j+1)-y(i,j) 
            end_if 
            if max_per < wk11(i,j) then    ; maximum zone size 
                max_per=wk11(i,j) 
            end_if 
        end_loop 
    end_loop 
    c_timestep=miny^2*ave_poros/max_per/c_kw/4.5 ; update timestep 
c_ngw=1e-8/0.5*1000*60/c_timestep   ; (0.5 mm/min) 
    ; c_ngw=1e-8/5*1000*60/c_timestep   ; (5 mm/min) 
    ; c_ngw=1e-8/0.005*1000*60/c_timestep  ; (0.005 mm/min) 
    ; c_ngw=1e-6/0.5*1000*60/c_timestep   ; (1e-6 m/step) 
    ; c_ngw=1e-7/0.5*1000*60/c_timestep   ; (1e-7 m/step) 
    ; c_ngw=1e-9/0.5*1000*60/c_timestep   ; (1e-9 m/step) 
    if 1/c_ngw >=1 then 
        c_nmech=int(1/c_ngw) 
        c_ngw=1 
    else 
        c_nmech=1 
        c_ngw=int(c_ngw) 
    end_if  




        sum=sum+xforce(3,j) 
    end_loop 
    sh_stress=sum/(y(3,12)-y(3,1)) 
    loop j(1,12)      ; shear disp 
        sum1=sum1+xdisp(3,j) 
    end_loop 
    bo_xdisp=sum1/12 
poros_zone=poro2(75,14)    ; poros in every zone (t/a=0.5) 
    ; poros_zone=poro2(75,15)    ; poros in every zone (t/a=1) 
    ; poros_zone=poro2(75,17)    ; poros in every zone (t/a=1.5) 
    m_ngw=v_ngw 
    m_nmech=v_nmech 
c_step=step-34905     ; j0 
    ; c_step=step-35604     ; j9, n05, t/a=0.5, Sr=0.5 
    ; c_step=step-37366     ; j19, n05, t/a=0.5, Sr=0.5 
    ; c_step=step-61494     ; j9, n05, t/a=1, Sr=0.5 
    ; c_step=step-52335     ; j9, n05, t/a=1.5, Sr=0.5 
    ; c_step=step-82686     ; j9, n10, t/a=0.5, Sr=0.5 
    ; c_step=step-34983     ; j9, n15, t/a=0.5, Sr=0.5 
    ; c_step=step-35692     ; j9, n05, t/a=0.5, Sr=0.6 
    ; c_step=step-36153     ; j9, n05, t/a=0.5, Sr=0.99 
end 
hist reset 
hist nstep 1 
hist xv i 3 j 7 
hist unbalanced 
hist sh_stress 
hist tt_syy tt_ydisp tb_syy tb_ydisp 
hist t_syy t_ydisp 
hist bt_sxx bt_syy bt_xdisp 
hist b_sxx b_syy b_xdisp 
hist s_sxx s_syy  s_gpp 
hist s_saturation s_per s_poro 
hist ave_poros ave_strain ave_per 
hist poros_zone solo_zone 
hist m_ngw m_nmech gwtime c_step 
hist c_ngw c_nmech c_timestep 
ini xdisp =0  
ini ydisp =0 
def c1_step 
    setup 
c_m=0.05e-3      ; porosity update times = 30 
; c_m=0.1e-3      ; porosity update times = 15 
; c_m=0.025e-3      ; porosity update times = 60 
    loop stepnum (1,150000) 
        if bo_xdisp < 1.5e-3 then 
            command 
                ini fmodulus c_kw f2modulus 1 
                set mech on flow on 
                set ngw=c_ngw 
                set nmech c_nmech 
                step 1 
            end_command 
            if bo_xdisp >= c_m then 
                setup 
                ; setup   ; remove this line for porosity update times = 0 
                c_m=c_m+0.05e-3 ; porosity update times = 30 
                ; c_m=c_m+0.1e-3 ; porosity update times = 15 
                ; c_m=c_m+0.025e-3 ; porosity update times = 60 




        else 
            exit 
        end_if 




           ; sav shear_j19.sav 
           ; sav shear_j9-ta10.sav 
           ; sav shear_j9-ta15.sav 
           ; sav shear_j9-n10.sav 
           ; sav shear_j9-n15.sav 
           ; sav shear_j9-sr60.sav 
           ; sav shear_j9-sr99.sav 
           ; sav shear_j9-cou0.sav 
           ; sav shear_j9-cou30.sav 
           ; sav shear_j9-cou15.sav 
           ; sav shear_j9-cou60.sav 
           ; sav shear_j9-rate-5e-1.sav 
           ; sav shear_j9-rate-5.sav 
           ; sav shear_j9-rate-5e-3.sav 
           ; sav shear_j9-1e-6.sav 
           ; sav shear_j9-1e-7.sav 
           ; sav shear_j9-1e-9.sav 
 
1.2 FLAC code to simulate the lateral confinement of rock discontinuity infill (Chapter 7) 
1.2.1 Initial stage before shear 
new 
set large 
grid 99 112 
mod e 
    prop den=2700 bu=10e9 sh=4e9 
mod m notnull                 j=52,61 
           ; mod m not null i=11,89 j=52,61       ; modelling elastic boundaries 
    prop den=2000 bu=7.8e6 sh=5.8e6 dila=0 fr=20 co=14e3 t=1e3 j=52,61 
; infill 
mod nul i=1,99 j=51         ; generate interface 
mod nul i=1,99 j=62 
gen 0,0      0,0.05 0.1,0.05 0.1,0   i=1,100 j=1,  51 ; bottom 
gen 0,0.05 0,0.06 0.1,0.06 0.1,0.05  i=1,100 j=52,62 ; infill 
gen 0,0.06 0,0.11 0.1,0.11 0.1,0.06  i=1,100 j=63,113; top 
; --- no attachment on the edges --- 
int 1 Aside from 1,51 to 100,51 Bside from 1,52 to 100,52  ; lower interface 
int 2 Aside from 1,62 to 100,62 Bside from 1,63 to 100,63  ; upper interface 
int 1 ks=2e8  kn=1.55e11 fric=20 coh=14e3 t=0 
int 2 ks=2e8  kn=1.55e11 fric=20 coh=14e3 t=0 
; --- attached on both sides --- 
           ; int 1 Aside from 11,51 to 90,51 Bside from 11,52 to 90,52  ; lower interface 
           ; int 2 Aside from 11,62 to 90,62 Bside from 11,63 to 90,63  ; upper interface 
           ; int 1 ks=2e8  kn=1.55e11 fric=20 coh=14e3 t=0 
           ; int 2 ks=2e8  kn=1.55e11 fric=20 coh=14e3 t=0 
           ; int 3 Aside from 1,  51 to 11,  51 Bside from 1,  52 to 11,  52 ; lower interface 
           ; int 4 Aside from 90,51 to 100,51 Bside from 90,52 to 100,52 ; lower interface 
           ; int 5 Aside from 1,  62 to 11,  62 Bside from 1,  63 to 11,  63 ; upper interface 




           ; int 3 glue ks=1.55e11 kn=1.55e11 
           ; int 4 glue ks=1.55e11 kn=1.55e11 
           ; int 5 glue ks=1.55e11 kn=1.55e11 
           ; int 6 glue ks=1.55e11 kn=1.55e11 
;--- Fourier coefficient --- 
def Fourier 
    float a 
   float b 
    array a(11,4) b(10,4) 
        a(1,1) =  0.423278785 
        a(2,1) =  -0.274745432 
        a(3,1) =  0.390785417 
        a(4,1) =  -0.023291256 
        a(5,1) =  -0.064755454 
        a(6,1) =  0.095558664 
        a(7,1) =  0.113870038 
        a(8,1) =  -0.040795601 
        a(9,1) =  0.089594408 
        a(10,1) =  0.014639271 
        a(11,1) =  -0.056787712 
        b(1,1) =  0.048137649 
        b(2,1) =  0.215309619 
        b(3,1) =  0.013022883 
        b(4,1) =  0.007824926 
        b(5,1) =  0.014347638 
        b(6,1) =  -0.08564656 
        b(7,1) =  0.148412031 
        b(8,1) =  -0.105810315 
        b(9,1) =  0.029744004 
        b(10,1) = -0.041123021 
 
        a(1,2) =  -5.330104843 
        a(2,2) =  2.370617661 
        a(3,2) =  0.209866261 
        a(4,2) =  -0.437275122 
        a(5,2) =  0.054403138 
        a(6,2) =  -0.124985328 
        a(7,2) =  -0.029505239 
        a(8,2) =  -0.118935914 
        a(9,2) =  -0.111507527 
        a(10,2) =  -0.020812128 
        a(11,2) =  0.002007668 
        b(1,2) =  -0.606878301 
        b(2,2) =  0.112412265 
        b(3,2) =  0.536555263 
        b(4,2) =  0.033536943 
        b(5,2) =  0.306354232 
        b(6,2) =  0.171619133 
        b(7,2) =  0.099891691 
        b(8,2) =  0.104364957 
        b(9,2) =  0.110848884 
        b(10,2) =  0.043587066 
 
        a(1,3) =  -5.605071233 
        a(2,3) =  0.689782524 
        a(3,3) =  1.780278656 
        a(4,3) =  -0.298054022 
        a(5,3) =  -0.103749081 
        a(6,3) =  0.241218615 




        a(8,3) =  0.091953519 
        a(9,3) =  -0.070933516 
        a(10,3) =  0.035952035 
        a(11,3) =  -0.029160341 
        b(1,3) =  -1.113170691 
        b(2,3) =  1.222034741 
        b(3,3) =  -0.353522273 
        b(4,3) =  0.27955353 
        b(5,3) =  0.20892821 
        b(6,3) =  0.087536817 
        b(7,3) =  0.122428048 
        b(8,3) =  0.069870053 
        b(9,3) =  0.020500159 
        b(10,3) =  0.041488751 
 
        a(1,4) =  -2.061175351 
        a(2,4) =  0.501164234 
        a(3,4) =  0.401051872 
        a(4,4) =  0.077949736 
        a(5,4) =  -0.527290587 
        a(6,4) =  0.1240963 
        a(7,4) =  0.506549809 
        a(8,4) =  0.121656179 
        a(9,4) =  -0.034227391 
        a(10,4) =  -0.108717446 
        a(11,4) =  0.015494118 
        b(1,4) =  0.64922776 
        b(2,4) =  -0.101921041 
        b(3,4) =  0.330809753 
        b(4,4) =  -0.043500167 
        b(5,4) =  -0.148443785 
        b(6,4) =  -0.151728759 
        b(7,4) =  -0.035048335 
        b(8,4) =  0.16695625 
        b(9,4) =  -0.071832952 
        b(10,4) =  -0.062850748 
end 
Fourier 
;--- generating rough surface --- 
def data 
    n_jrc=1    ; different roughness, n_jrc=1: jrc=1.93; n_jrc=2: jrc=8.43l; n_jrc=3: jrc=14.39;  
                       and n_jrc=4: jrc=17.15 
    loop xx(1,100) 
        dy_1=a(1,n_jrc)/2 
        dy_21=(a(2,n_jrc)*cos(1.*pi*(xx-1.)*100./99./50.)) 
        dy_22=(b(1,n_jrc)*sin(1.*pi*(xx-1.)*100./99./50.)) 
        dy_31=(a(3,n_jrc)*cos(2.*pi*(xx-1.)*100./99./50.)) 
        dy_32=(b(2,n_jrc)*sin(2.*pi*(xx-1.)*100./99./50.)) 
        dy_41=(a(4,n_jrc)*cos(3.*pi*(xx-1.)*100./99./50.)) 
        dy_42=(b(3,n_jrc)*sin(3.*pi*(xx-1.)*100./99./50.)) 
        dy_51=(a(5,n_jrc)*cos(4.*pi*(xx-1.)*100./99./50.)) 
        dy_52=(b(4,n_jrc)*sin(4.*pi*(xx-1.)*100./99./50.)) 
        dy_61=(a(6,n_jrc)*cos(5.*pi*(xx-1.)*100./99./50.)) 
        dy_62=(b(5,n_jrc)*sin(5.*pi*(xx-1.)*100./99./50.)) 
        dy_71=(a(7,n_jrc)*cos(6.*pi*(xx-1.)*100./99./50.)) 
        dy_72=(b(6,n_jrc)*sin(6.*pi*(xx-1.)*100./99./50.)) 
        dy_81=(a(8,n_jrc)*cos(7.*pi*(xx-1.)*100./99./50.)) 
        dy_82=(b(7,n_jrc)*sin(7.*pi*(xx-1.)*100./99./50.)) 
        dy_91=(a(9,n_jrc)*cos(8.*pi*(xx-1.)*100./99./50.)) 




        dy_101=(a(10,n_jrc)*cos(9.*pi*(xx-1.)*100./99./50.)) 
        dy_102=(b(9,n_jrc)*sin(9.*pi*(xx-1.)*100./99./50.)) 
        dy_111=(a(11,n_jrc)*cos(10.*pi*(xx-1.)*100./99./50.)) 
        dy_112=(b(10,n_jrc)*sin(10.*pi*(xx-1.)*100./99./50.)) 
        dy_sum1=dy_1+dy_21+dy_31+dy_41+dy_51+dy_61 
        dy_sum2=dy_71+dy_81+dy_91+dy_101+dy_111 
        dy_sum3=dy_22+dy_32+dy_42+dy_52+dy_62+dy_72 
        dy_sum4=dy_82+dy_92+dy_102+dy_112 
        dy_sum=dy_sum1+dy_sum2+dy_sum3+dy_sum4 ; Fourier function y=f(x) 
        loop yy(52,62)     ; adjust y-coordinate of infill 
            c_y=y(xx,yy)+dy_sum/1000 
            command 
                    ini y=c_y i=xx j=yy 
            end_command 
        end_loop 
        loop yy(2,51) ; adjust y-coordinate of infill 
            c_y=y(xx,yy)+dy_sum/1000/50.*(yy-1) 
            command 
                    ini y=c_y i=xx j=yy 
            end_command 
        end_loop 
        loop yy(63,112) 
            c_y=y(xx,yy)+dy_sum/1000/50.*(113-yy) 
            command 
                    ini y=c_y i=xx j=yy 
            end_command 
        end_loop 





    while_stepping 
    sxx_l=0 
    sxx_r=0 
    sxx_b=0 
    ydisp_t=0 
    sxx_so=0 
    loop j(52,61) 
        sxx_l=sxx_l+sxx(1,j) 
        sxx_r=sxx_r+sxx(99,j) 
    end_loop 
    sxx_l=sxx_l/10 
    sxx_r=sxx_r/10 
    loop i(1,99) 
        loop j(1,50) 
            sxx_b=sxx_b+sxx(i,j) 
        end_loop 
    end_loop 
    sxx_b=sxx_b/99/50 
    loop i(1,100) 
        loop j(63,113) 
            ydisp_t=ydisp_t+ydisp(i,j) 
        end_loop 
    end_loop 
    ydisp_t=ydisp_t/100/51 
    loop i(1,99)    ; calculate the average sxx in infill 
        loop j(52,61) 
            sxx_so=sxx_so+sxx(i,j) 




    end_loop 
    sxx_so=sxx_so/99/10 
end 
fix x i=1 
fix x i=100 
           ; free x j=52,62    ; lateral displacement unfixed conditions 
free x i=100 j=1,51 
fix y j=1 
apply pressure 1.5e6 i=1,100 j=113  ; apply normal stress 
           ; apply sxx -1.5e6 from 1,    52 to 1,    62 ; average constant stress confining the lateral  
                                                                         and boundary 
           ; apply sxx -1.5e6 from 100,52 to 100,62 
ini syy -1.5e6 
ini sxx -1.5e6 
ini szz -1.5e6 
hist nstep 1 
hist sxx_l sxx_r 
hist 999 unbalanced 
step 300 
           ; solve 
sav ini_fld.sav ; fixed lateral displacement (FLD) condition 
           ; sav ini_nc.sav ; no attachment; no elastic blocks 
           ; sav ini_gi.sav ; glued interface (GI) condition 
           ; sav ini_egb.sav ; elastic glued block (EGB) condition 
           ; sav ini_eb.sav ; elastic block (EB) condition 
           ; sav ini_elg.sav ; elastic block with lower edges glued (ELG) condition 
           ; sav ini_str.sav ; constant confining stress 
 
1.2.2 Shear stage 
rest ini_egb.sav ; EGB condition 
           ; rest ini_str.sav ; stress conditions 
fix y i=1 j=52 
def platform 
    loop i(1,10) 
        if x(i,52)<x(1,51) then 
            command 
                fix y i=i j=52 
            end_command 
        end_if 
    end_loop 
    loop i(91,100) 
       if x(i,62)>x(100,63) then 
            command 
                fix y i=i j=62 
            end_command 
        end_if 
    end_loop 
end 
 
; --- functions to calculate average discontinuity stresses and dispalacements --- 
call int.fin     ; see FLAC manual 
def ini_jdisp 
    njdisp0 = 0.0 
    sjdisp0 = 0.0 
    pnt   = int_pnt     ; pointer to interface list structure 
    loop while pnt # 0    ; not equal ; scan interface 




        and get integer access to the arrary 
        loop while pa # 0    ; scan nodes on one side 
            sjdisp0 = sjdisp0 + fmem(pa+$kidasd) ; accumulated relative shear  
and displacement (marker only) 
            njdisp0 = njdisp0 + fmem(pa+$kidand) ; accumulated relative normal  
and displacement (marker only) 
            pa = imem(pa) 
        end_loop 
        pa = imem(pnt+$kicbpt)   ; pointer to list of B side nodes 
        loop while pa # 0 
            sjdisp0 = sjdisp0 + fmem(pa+$kidasd) 
            njdisp0 = njdisp0 + fmem(pa+$kidand) 
            pa = imem(pa) 
        end_loop 
    pnt = imem(pnt) 





    whilestepping 
    sstav = 0.0 
    nstav = 0.0 
    njdisp = 0.0 
    sjdisp = 0.0 
    ncon  = 0 
    jlen  = 0.0 
    pnt   = int_pnt 
    loop while pnt # 0 
        pa = imem(pnt+$kicapt) 
        loop while pa # 0 
            sstav = sstav + fmem(pa+$kidfs)  ; shear force 
            nstav = nstav + fmem(pa+$kidfn)  ; normal force 
            jlen = jlen + fmem(pa+$kidlen)  ; effective length of contact 
            sjdisp = sjdisp + fmem(pa+$kidasd)  ; accumulated relative shear  
and displacement 
            njdisp = njdisp + fmem(pa+$kidand) ; accumulated relative normal  
and displacement (marker only) 
            pa = imem(pa) 
        end_loop 
        pa = imem(pnt+$kicbpt)   ; pointer to list of B side nodes 
        loop while pa # 0 
            ncon = ncon + 1 
            sstav = sstav + fmem(pa+$kidfs) 
            nstav = nstav + fmem(pa+$kidfn) 
            jlen = jlen + fmem(pa+$kidlen) 
            sjdisp = sjdisp + fmem(pa+$kidasd) 
            njdisp = njdisp + fmem(pa+$kidand) 
            pa = imem(pa) 
        end_loop 
        pnt = imem(pnt) 
    end_loop 
    if ncon # 0 
        sstav = sstav / jlen 
        nstav = nstav / jlen 
        sjdisp = (sjdisp-sjdisp0) / (2.0 * ncon) 
        njdisp = (njdisp-njdisp0) / (2.0 * ncon) 







    loop stepnum (1,10000000000) 
        if sjdisp <5e-3 then 
            platform 
            command 
                step 1 
                ; apply sxx=sxx_so from 1,    52 to 1,    62  ; average stress condition 
                ; apply sxx=sxx_so from 100,52 to 100,62  ; average stress condition 
                ; apply sxx=sxx_l    from 1,    52 to 1,    62  ; CNS lateral condition 
                ; apply sxx=sxx_r    from 100,52 to 100,62 ; CNS lateral condition 
            end_command 
        else 
            exit 
        end_if 




; k=0.3         ; lateral stiffness = 0.3 
; k=3          ; lateral stiffness = 3 
; k=30        ; lateral stiffness = 30 
    loop iii(1,2000) 
        c_xvel=1e-8/2000*float(iii) 
        platform 
            command 
                ini xvel=c_xvel j=1,51 
                fix x i=1 j=1,51 
                step 1 
            end_command 
    end_loop 
end 
 
def cns_confine      ; constant stiffness (N/m) 
    while_stepping 
    c_xl  = 0 
    c_xr  = 0 
    sxx_l = 0 
    sxx_r = 0 
    loop yy(52,62) 
        c_xl=c_xl+x(1,yy) 
        c_xr=c_xr+x(100,yy) 
    end_loop 
    c_xl=c_xl/11 
    c_xr=c_xr/11 
    sxx_l=-1.5e6+k*1.e9*c_xl 
    sxx_r=-1.5e6+k*1.e9*(0.1-c_xr) 
    if sxx_l>0 then 
        sxx_l=0 
    end_if 
    if sxx_r>0 then 
        sxx_r=0 




hist nstep 10 
hist sstav nstav sjdisp njdisp 
hist sxx_l sxx_r sxx_b ydisp_t 





hist 999 unbal 
 
a_xvel 
ini xvel 1e-8 j=1,51 
free x            j=1,51 
fix  x      i=1 j=1,51 
step_1 
sav shear_at_el.sav 
           ; sav shear_str.sav 
           ; sav shear_ave_str.sav 
           ; sav shear_cns_03.sav 
           ; sav shear_cns_3.sav 
           ; sav shear_cns_30.sav 
 




grid 200 204 
m m 
table 1 1,76 2,101 3,116 4,129 5,205 
def nul_bed  
    loop i(1,4) 
        c_jj=ytable(1,i) 
        command 
            mod nul j=c_jj    ; seperate strata to embed interfaces 
        end_command 





    j_f2b=ytable(1,1)-1 
    j_f2c=ytable(1,1) 
    j_f1a=ytable(1,1)+1 
    j_f1b=ytable(1,2)-1 
    j_f1c=ytable(1,2) 
    j_coa=ytable(1,2)+1 
    j_cob=ytable(1,3)-1 
    j_coc=ytable(1,3) 
    j_y1a=ytable(1,3)+1 
    j_y1b=ytable(1,4)-1 
    j_y1c=ytable(1,4) 
    j_y2a=ytable(1,4)+1 
    j_y2b=ytable(1,5)-1 
    j_y2c=ytable(1,5) 
    i_z=izones 
    command 
        pro d=2250 b=26.8e9 s=7e9    f=27.8 c=27.2e6 t=1.17e6 i=1,i_z j= 1,j_f2b ;F2 
        pro d=2470 b=15.6e9 s=10.8e9 f=32.1 c=34.7e6 t=1e6    i=1,i_z j= j_f1a,j_f1b ;F1 
        pro d=1187 b=2.4e9  s=1.45e9  f=10    c=1e6  t=0.8e6     i=1,i_z j= j_coa,j_cob  
;atmospheric coal 
       ;pro d=1187 b=4.8e9  s=2.9e9  f=15    c=3e6  t=0.8e6  i=1,i_z j= j_coa,j_cob 
         ;high pressure coal 
        pro d=1800 b=8.8e9  s=4.3e9  f=20    c=10e6 t=1e6         i=1,i_z j= j_y1a,j_y1b ;Y1 
        pro d=2250 b=26.8e9 s=7e9   f=21.8 c=27.2e6 t=1.17e6  i=1,i_z j= j_y2a,j_y2b ;Y2 








    i_z1=i_z+1 
    command 
        ge -25,-24.75 -25,-6 25,-6 25,-24.75 i= 1,i_z1   j= 1,j_f2c ;F2 floor sandstone 
        ge -25,-6 -25,0 25,0 25,-6                  i= 1,i_z1   j= j_f1a,j_f1c ;F1 floor - floor2 
        ge -25,0 -25,3.5 25,3.5 25,0               i=1,i_z1    j=j_coa,j_coc    ;coal 
        ge -25,3.5 -25,6.5 25,6.5 25,3.5         i=   1,i_z1 j= j_y1a,j_y1c ;Y1 left 
        ge -25,6.5 -25,25.25 25,25.25 25,6.5 i=   1,i_z1 j= j_y2a,j_y2c ;Y2 K3 Sandstone left 







    c_x=1      ;loop table x num for bedding planes 
    a_zone=ytable(1,c_x)-1                 ; lower jzone of interface 
    b_zone=ytable(1,c_x)                    ;deleted jzone for interface 
    c_zone=ytable(1,c_x)+1                ;upper jzone of interface 
    d_zone=ytable(1,c_x)+2                ;upper second jzone of interface 
    a_bulk=bulk_mod(1,a_zone)           ;bulk modulus of lower zone  
    c_bulk=bulk_mod(1,c_zone)          ;bulk modulus of upper zone 
    a_sh=shear_mod(1,a_zone) 
    c_sh=shear_mod(1,c_zone) 
    a_size=y(1,b_zone)-y(1,a_zone)    ;y size of lower zone 
    c_size=y(1,d_zone)-y(1,c_zone)    ;y size of upper zone 
    c_stiff=10*(min(c_bulk,a_bulk)+4/3*min(a_sh,c_sh))/min(c_size,a_size) 
    Command  
        int nin A from 1,b_zone to i_z1,b_zone B from 1,c_zone to i_z1,c_zone ;hori interface 
        int nin ks=c_stiff  kn=c_stiff fric=29.4 coh=0.43e6 t=1e6 bslip on 
    End_command 
    nin=nin+1 
 
c_x=2                 ;loop table x numbers for deleted izones for bedding planes 
    a_zone=ytable(1,c_x)-1                 ;lower jzone of interface 
    b_zone=ytable(1,c_x)                    ;deleted jzone for interface 
    c_zone=ytable(1,c_x)+1                ;upper jzone of interface 
    d_zone=ytable(1,c_x)+2                ;upper second jzone of interface 
    a_bulk=bulk_mod(1,a_zone)           ;bulk modulus of lower zone  
    c_bulk=bulk_mod(1,c_zone)           ;bulk modulus of upper zone 
    a_sh=shear_mod(1,a_zone) 
    c_sh=shear_mod(1,c_zone) 
    a_size=y(1,b_zone)-y(1,a_zone)    ;y size of lower zone 
    c_size=y(1,d_zone)-y(1,c_zone)   ;y size of upper zone 
    c_stiff=10*(min(c_bulk,a_bulk)+4/3*min(a_sh,c_sh))/min(c_size,a_size) 
    Command  
    int nin A from 1,b_zone to i_z1,b_zone B from 1,c_zone to i_z1,c_zone ;hori. interface 
        int nin ks=c_stiff  kn=c_stiff fric=20 coh=0.33e6 t=0.5e6  bslip on ;atmospheric 
       ;int nin ks=c_stiff  kn=c_stiff fric=30 coh=0.33e6 t=0.5e6  bslip on ;high pressure 
    End_command 
    nin=nin+1 
 
c_x=3                 ;loop table x numbers for deleted izones  for bedding planes 
    a_zone=ytable(1,c_x)-1                 ;lower jzone of interface 
    b_zone=ytable(1,c_x)                    ;deleted jzone for interface 
    c_zone=ytable(1,c_x)+1                ;upper jzone of interface 
    d_zone=ytable(1,c_x)+2                ;upper second jzone of interface 




    c_bulk=bulk_mod(1,c_zone)           ;bulk modulus of upper zone 
    a_sh=shear_mod(1,a_zone) 
    c_sh=shear_mod(1,c_zone) 
    a_size=y(1,b_zone)-y(1,a_zone)    ;y size of lower zone 
    c_size=y(1,d_zone)-y(1,c_zone)    ;y size of upper zone 
    c_stiff=10*(min(c_bulk,a_bulk)+4/3*min(a_sh,c_sh))/min(c_size,a_size) 
    Command  
        int nin A from 1,b_zone to i_z1,b_zone B from 1,c_zone to i_z1,c_zone ;hori. interface 
        int nin ks=c_stiff  kn=c_stiff fric=20 coh=0.13e6 t=0.5e6  bslip on ;atmospheric 
       ;int nin ks=c_stiff  kn=c_stiff fric=27.2 coh=0.13e6 t=0.5e6  bslip on ;high pressure 
    End_command 
    nin=nin+1 
 
c_x=4                   ;loop table x numbers for deleted izones  
       for bedding planes 
    a_zone=ytable(1,c_x)-1                 ;lower jzone of interface 
    b_zone=ytable(1,c_x)                    ;deleted jzone for interface 
    c_zone=ytable(1,c_x)+1                ;upper jzone of interface 
    d_zone=ytable(1,c_x)+2                ;upper second jzone of interface 
    a_bulk=bulk_mod(1,a_zone)           ;bulk modulus of lower zone  
    c_bulk=bulk_mod(1,c_zone)           ;bulk modulus of upper zone 
    a_sh=shear_mod(1,a_zone) 
    c_sh=shear_mod(1,c_zone) 
    a_size=y(1,b_zone)-y(1,a_zone)    ;y size of lower zone 
    c_size=y(1,d_zone)-y(1,c_zone)    ;y size of upper zone 
    c_stiff=10*(min(c_bulk,a_bulk)+4/3*min(a_sh,c_sh))/min(c_size,a_size) 
    Command  
        int nin A from 1,b_zone to i_z1,b_zone B from 1,c_zone to i_z1,c_zone ;hori interface 
        int nin ks=c_stiff  kn=c_stiff fric=26.4 coh=0.43e6 t=1e6  bslip on 
    End_command 




;- fluid flow - 
def setup 
    ;gridpoint variables 
    array c_p0(6)                ;van Genuchten p0 
        c_p0(1)=0.04e6 
        c_p0(2)=0.0199e6 
        c_p0(3)=0.1e6 
        c_p0(4)=0.611e6 
        c_p0(5)=0.101e6 
        c_p0(6)=0.04e6 
    array c_a(6)                ;van Genuchten a 
        c_a(1)=0.7 
        c_a(2)=0.457 
        c_a(3)=0.5 
        c_a(4)=0.457 
        c_a(5)=0.33 
        c_a(6)=0.7 
    array c_rsat(6)                 ;residual water saturation 
        c_rsat(1)=0.03 
        c_rsat(2)=0.3 
        c_rsat(3)=0.03 
        c_rsat(4)=0.3 
        c_rsat(5)=0.2 
        c_rsat(6)=0.03 
    array c_sat(6)               ;initial water saturation 




        c_sat(2)=1 
        c_sat(3)=0.1     ;ini sat 0.1 
        ;c_sat(3)=0.3     ;ini sat 0.3 
        ;c_sat(3)=0.5     ;ini sat 0.5 
        ;c_sat(3)=0.7     ;ini sat 0.7 
        ;c_sat(3)=0.9     ;ini sat 0.9 
        ;c_sat(3)=1     ;ini sat 1 
        c_sat(4)=1 
        c_sat(5)=1 
        c_sat(6)=1 
 
    array c_pp(6)      ;;  
        loop i(1,6) 
            c_pp(i)=c_p0(i)*(((c_sat(i)-c_rsat(i))/(1-c_rsat(i)))^(-1/c_a(i))-1)^(1-c_a(i)) 
        end_loop 
 
    array c_vgpcw(6)                   ;van Genuchten b 
        c_vgpcw(1)=0.5 
        c_vgpcw(2)=0.5 
        c_vgpcw(3)=0.5 
        c_vgpcw(4)=0.5 
        c_vgpcw(5)=0.5 
        c_vgpcw(6)=0.5 
 
    array c_vgpcnw(6)                 ;van Genuchten c 
        c_vgpcnw(1)=0.5 
        c_vgpcnw(2)=0.5 
        c_vgpcnw(3)=0.5 
        c_vgpcnw(4)=0.5 
        c_vgpcnw(5)=0.5 
        c_vgpcnw(6)=0.5 
 
;zone variables 
array c_wperm(6)                  ;permeability 
















    command 
        fix x i=1 
        fix x i=i_z1 
        fix y j=1 
        apply syy -11.36e6 j=j_z1 








    c_vga1=c_a(1) 
    c_vgp01= c_p0(1)  
    c_rsat1= c_rsat(1) 
c_pp1=0e6-c_pp(1) 
   ;c_pp1=1e6-c_pp(1) 
    c_vga2=c_a(2) 
    c_vgp02= c_p0(2)  
    c_rsat2= c_rsat(2) 
c_pp2=0e6-c_pp(2) 
   ;c_pp2=1e6-c_pp(2) 
    c_vga3=c_a(3) 
    c_vgp03= c_p0(3)  
    c_rsat3= c_rsat(3) 
c_pp3=0e6-c_pp(3) 
   ;c_pp3=1e6-c_pp(3) 
    c_vga4=c_a(4) 
    c_vgp04= c_p0(4)  
    c_rsat4= c_rsat(4) 
c_pp4=0e6-c_pp(4) 
   ;c_pp4=1e6-c_pp(4) 
    c_vga5=c_a(5) 
    c_vgp05= c_p0(5)  
    c_rsat5= c_rsat(5) 
c_pp5=0e6-c_pp(5) 
   ;c_pp5=1e6-c_pp(5) 
    c_vga6=c_a(6) 
    c_vgp06= c_p0(6)  
    c_rsat6= c_rsat(6) 
c_pp6=0e6-c_pp(6) 
   ;c_pp6=1e6-c_pp(6) 
    c_wperm1=c_wperm(1) 
    c_poro1=c_poro(1) 
    c_wperm2=c_wperm(2) 
    c_poro2=c_poro(2) 
    c_wperm3=c_wperm(3) 
    c_poro3=c_poro(3) 
    c_wperm4=c_wperm(4) 
    c_poro4=c_poro(4) 
    c_wperm5=c_wperm(5) 
    c_poro5=c_poro(5) 
    c_wperm6=c_wperm(6) 
    c_poro6=c_poro(6) 
 
    command 
        ini sxx -22.72e6 syy -11.3e6 szz -17e6       ;22.6 kn/m3, 500m 
        ;gridpoint variables 
        ini pp 0e6                                      ;atm pore pressure 
       ;ini pp 1e6                                      ;1 mpa pore pressure 
        ini sat 1                                        ;ini water saturation 
        ini fmod 1e4 f2mod 1e1                          ;fluid/non-fluid modu 
        ini vgpcw 0.5                               
        ini vgpcnw 0.5 
        ini  vga c_vga1 vgp0 c_vgp01 rsat c_rsat1 i=1,i_z1, j=j_y2a,j_y2c ;Y2 roof 
        ini  vga c_vga2 vgp0 c_vgp02 rsat c_rsat2 i=1,i_z1, j=j_y1a,j_y1c ;Y1 roof 
        ini  pp c_pp3 sat 0.1 vga c_vga3          i=1,i_z1, j=j_coa,j_coc ;coal seam, 0.1 
        ; ini  pp c_pp3 sat 0.3 vga c_vga3          i=1,i_z1, j=j_coa,j_coc ;coal seam, 0.3 
        ; ini  pp c_pp3 sat 0.5 vga c_vga3          i=1,i_z1, j=j_coa,j_coc ;coal seam, 0.5 
        ; ini  pp c_pp3 sat 0.7 vga c_vga3          i=1,i_z1, j=j_coa,j_coc ;coal seam, 0.7 
        ; ini  pp c_pp3 sat 0.9 vga c_vga3          i=1,i_z1, j=j_coa,j_coc ;coal seam, 0.9 




        ini  vgp0 c_vgp03 rsat c_rsat3                    i=1,i_z1, j=j_coa,j_coc ;coal seam 
        ini  vga c_vga5 vgp0 c_vgp05 rsat c_rsat5 i=1,i_z1, j=j_f1a,j_f1c ;F1 floor 
        ini  vga c_vga6 vgp0 c_vgp06 rsat c_rsat6 i=1,i_z1, j=1    ,j_f2c ;F2 floor 
        ;zone variables 
        ini wper c_wperm1 poro c_poro1 i=1,i_z,j=j_y2a,j_y2b              ;Y2 roof 
        ini wper c_wperm2 poro c_poro2 i=1,i_z,j=j_y1a,j_y1b              ;Y1 roof 
        ini wper c_wperm3 poro c_poro3 i=1,i_z,j=j_coa,j_cob             ;total coal seam 
        ini wper c_wperm5 poro c_poro5 i=1,i_z,j=j_f1a,j_f1b             ;F1 floor 
        ini wper c_wperm6 poro c_poro6 i=1,i_z,j=1,j_f2b                  ;F2 floor 
        ini visrat 1. udcoe 0.                                                ;visrat: viscosity ratio 




water density 1e3 
water nwdensity 0.656 
;set grav=10 
hist ns 500                                                                                 ;nstep 
hist gwtime 
hist unbal 
set mech off flow on 
solve age 9072000 
set mech on flow off 
solve sratio 1e-6 


























mod nul i=91,110 j=102,116 
fix seepage i=91,j=102,116 
fix seepage i=111,j=102,116 
fix seepage i=91,111 j=101 
fix seepage i=91,111 j=117 
hist reset  
hist nstep 10 






    while_stepping 
    w_exca_b=0 
    g_exca_b=0 
    w_exca_l=0 
    g_exca_l=0 
    w_exca_r=0 
    g_exca_r=0 
    w_exca_t=0 
    g_exca_t=0 
    j=101 
    loop i(91,111) 
        w_exca_b=w_exca_b+gflow(i,j) 
        g_exca_b=g_exca_b+g2flow(i,j) 
    end_loop 
    i=91 
    loop j(102,116) 
        w_exca_l=w_exca_l+gflow(i,j) 
        g_exca_l=g_exca_l+g2flow(i,j) 
    end_loop 
    i=111 
    loop j(102,116) 
        w_exca_r=w_exca_r+gflow(i,j) 
        g_exca_r=g_exca_r+g2flow(i,j) 
    end_loop 
    j=117 
    loop i(91,111) 
        w_exca_t=w_exca_t+gflow(i,j) 
        g_exca_t=g_exca_t+g2flow(i,j) 





hist ydisp i=101,j=117 
hist xdisp i=91,j=110 
hist xdisp i=111,j=110 
hist ydisp i=101,j=101 
hist w_exca w_exca_b w_exca_t w_exca_l w_exca_r 
hist g_exca g_exca_b g_exca_t g_exca_l g_exca_r 
 
def c_step 
    array c_w(6) 
    loop c_ii(1,6) 
        c_w(c_ii)=c_wperm(c_ii)*100 
    end_loop 
loop d_i(1,800)      ;atm pressure 
   ;loop d_i(1,30)      ;1 MPa pressure 
        command 
            set flow off mech on 
            step 50 
            set flow on mech off 
            step 500 
        end_command 
        c_ww=c_w(3)                ;coal seam 
        loop d_j(j_coa,j_cob) 
            loop ii(1,90) 
                if state(ii,d_j)#0 then 
                    command 
                        ini wper c_ww i=ii,j=d_j 




                end_if 
            end_loop 
            loop iii(111,izones) 
                if state(iii,d_j)#0 then 
                    command 
                        ini wper c_ww i=iii,j=d_j 
                    end_command 
               end_if 
            end_loop 
        end_loop 
        c_ww=c_w(1)                                 ;Y2 roof 
        loop d_j(j_y2a,j_y2b) 
            loop ii(1,izones) 
                if state(ii,d_j)#0 then 
                   command 
                       ini wper c_ww i=ii,j=d_j 
                   end_command 
               end_if 
            end_loop  
        end_loop 
        c_ww=c_w(2)                                ;Y1 roof 
        loop d_j(j_y1a,j_y1b) 
            loop ii(1,izones) 
            if state(ii,d_j)#0 then 
                 command 
                     ini wper c_ww i=ii,j=d_j 
                 end_command 
            end_if 
            end_loop  
        end_loop 
        c_ww=c_w(5)                                ;F1 floor 
        loop d_j(j_f1a,j_f1b) 
            loop ii(1,izones) 
            if state(ii,d_j)#0 then 
                command 
                    ini wper c_ww i=ii,j=d_j 
                end_command 
            end_if 
            end_loop  
        end_loop 
        c_ww=c_w(6)                                ;F2 floor 
        loop d_j(1,j_f2b) 
            loop ii(1,izones) 
            if state(ii,d_j)#0 then 
                command 
                    ini wper c_ww i=ii,j=d_j 
                end_command 
            end_if 
            end_loop  






















;;-- calculating the average value of the material strength/stress ratios using-- 
set echo off 
def ps3d ; put 3D principal stresses into ps_1,2,3 
    array ps_1 (200,204)        ;major principal stress 
    array ps_2 (200,204)        ;intermediate principal stress 
    array ps_3 (200,204)        ;minor principal stress 
    array c_fos(200,204)        ;factor of safety 
    loop i (1,izones) 
        loop j (1,jzones) 
            $sdif = sxx(i,j) - syy(i,j)       ;scratch-pad 
            $s0   = 0.5 * (sxx(i,j) + syy(i,j)+2*pp(i,j)) 
            $st   = 4.0 * sxy(i,j)^2 
            $rad  = 0.5 * sqrt($sdif^2 + $st) 
            $si   = $s0 - $rad 
            $sii  = $s0 + $rad 
            section 
            if szz(i,j)+pp(i,j) > $sii then 
            ; ---- eszz is minor p.s. ---- 
                ps_1(i,j) = $si 
                ps_2(i,j) = $sii 
                ps_3(i,j) = szz(i,j)+pp(i,j) 
            exit section 
            end_if 
            if szz(i,j)+pp(i,j) < $si then 
            ; ---- eszz is major p.s. ---- 
            ps_1(i,j) = szz(i,j)+pp(i,j) 
            ps_2(i,j) = $si 
            ps_3(i,j) = $sii 
            exit section 
            end_if 
            ; ---- eszz is intermediate --- 
            ps_1(i,j) = $si 
            ps_2(i,j) = szz(i,j)+pp(i,j) 
            ps_3(i,j) = $sii 
            end_section 
        end_loop 





    loop i (1,izones) 
        loop j (1,jzones) 
            $radap = 0.5 * (ps_3(i,j)-ps_1(i,j)) 
            $fric  = tan(friction(i,j)*degrad) 
            $sphi  = sin(friction(i,j)*degrad) 
            $anphi = (1.0 + $sphi)/(1.0 - $sphi) 
            $coh   = cohesion(i,j) 
            $cn2   = 2.0 * $coh * sqrt($anphi) 
            if $fric = 0 then 
                $tcut = tension(i,j) 




                $tcut = min(tension(i,j),$coh/$fric) 
            end_if 
            if ps_3(i,j) < $tcut then 
                $s1b  = $anphi * ps_3(i,j) - $cn2 
                $radb = 0.5 * (ps_3(i,j) - $s1b) 
                if $radap > 0.0 then 
                    $fos = $radb / $radap 
                    if abs($fos) >= 10.0 then 
                        $fos = 10.0 * sgn($fos) 
                    end_if 
                else 
                    $fos = 10.0 
                end_if 
            else 
                $fos = 0.0 
            end_if 
            c_fos(i,j) = $fos 
            poro2(i,j)=c_fos(i,j) 
            ave_fos=ave_fos+c_fos(i,j) 
            c_num=c_num+1 
        end_loop 
    end_loop 
    ave_fos=ave_fos/c_num 
    left_fos=c_fos(111,108) 
    loop i(1,izones) 
        xtable(10,i)=i 
        ytable(10,i)=c_fos(i,108) 





    loop j(102,115)                                ;coal seam 
        loop i(1,90)                                ;left  
            c_count111=c_count111+1 
            c_fos111=c_fos111+c_fos(i,j) 
        end_loop 
        loop i(111,200)                             ;right  
            c_count111=c_count111+1 
            c_fos111=c_fos111+c_fos(i,j)       
        end_loop   
    end_loop 
    loop i(1,200) 
        loop j(117,128)                             ;roof1 
            c_count111=c_count111+1 
            c_fos111=c_fos111+c_fos(i,j) 
        end_loop 
        loop j(130,204)                             ;roof2 
            c_count111=c_count111+1 
            c_fos111=c_fos111+c_fos(i,j) 
        end_loop 
        loop j(77,100)                              ;floor 1 
            c_count111=c_count111+1 
            c_fos111=c_fos111+c_fos(i,j) 
        end_loop 
        loop j(1,75)                                 ;floor 2 
            c_count111=c_count111+1 
            c_fos111=c_fos111+c_fos(i,j) 
        end_loop 


















2. Data for generating rough surface 
jrc9_154.txt: 
table 1 0.00E+00 0 
table 1 6.54E-04 1E-05 
table 1 1.31E-03 -9.5E-06 
table 1 1.96E-03 -8E-05 
table 1 2.61E-03 -0.0001923 
table 1 3.27E-03 -0.0002226 
table 1 3.92E-03 -0.0001634 
table 1 4.58E-03 -0.0001628 
table 1 5.23E-03 -0.0002179 
table 1 5.88E-03 -0.000382 
table 1 6.54E-03 -0.0004201 
table 1 7.19E-03 -0.0003262 
table 1 7.84E-03 -0.0004357 
table 1 8.50E-03 -0.0005496 
table 1 9.15E-03 -0.0006635 
table 1 9.80E-03 -0.0006033 
table 1 1.05E-02 -0.0004616 
table 1 1.11E-02 -0.0006899 
table 1 1.18E-02 -0.0007595 
table 1 1.24E-02 -0.0005468 
table 1 1.31E-02 -0.000387 
table 1 1.37E-02 -0.0004857 
table 1 1.44E-02 -0.0007233 
table 1 1.50E-02 -0.000936 
table 1 1.57E-02 -0.0009941 
table 1 1.63E-02 -0.0009201 
table 1 1.70E-02 -0.0008128 
table 1 1.76E-02 -0.0008113 
table 1 1.83E-02 -0.0010147 
table 1 1.90E-02 -0.0012837 
table 1 1.96E-02 -0.0014166 
table 1 2.03E-02 -0.0013752 
table 1 2.09E-02 -0.0013246 
table 1 2.16E-02 -0.0014211 
table 1 2.22E-02 -0.0015051 
table 1 2.29E-02 -0.0014139 
table 1 2.35E-02 -0.0014138 
table 1 2.42E-02 -0.0014607 
table 1 2.48E-02 -0.0014864 
table 1 2.55E-02 -0.0015403 
table 1 2.61E-02 -0.0016865 
table 1 2.68E-02 -0.0019013 
table 1 2.75E-02 -0.0021246 
table 1 2.81E-02 -0.0022952 
table 1 2.88E-02 -0.0023587 
table 1 2.94E-02 -0.0023287 
table 1 3.01E-02 -0.0023797 
table 1 3.07E-02 -0.0026477 
table 1 3.14E-02 -0.0029413 
table 1 3.20E-02 -0.0030323 
table 1 3.27E-02 -0.0029964 




table 1 3.40E-02 -0.0029622 
table 1 3.46E-02 -0.0029206 
table 1 3.53E-02 -0.0028638 
table 1 3.59E-02 -0.0028068 
table 1 3.66E-02 -0.0027628 
table 1 3.73E-02 -0.0027343 
table 1 3.79E-02 -0.0027202 
table 1 3.86E-02 -0.0027192 
table 1 3.92E-02 -0.0027312 
table 1 3.99E-02 -0.0027583 
table 1 4.05E-02 -0.0028027 
table 1 4.12E-02 -0.0028743 
table 1 4.18E-02 -0.0029959 
table 1 4.25E-02 -0.0031952 
table 1 4.31E-02 -0.0034533 
table 1 4.38E-02 -0.0036426 
table 1 4.44E-02 -0.0036812 
table 1 4.51E-02 -0.0036312 
table 1 4.58E-02 -0.003567 
table 1 4.64E-02 -0.0035309 
table 1 4.71E-02 -0.003535 
table 1 4.77E-02 -0.0035889 
table 1 4.84E-02 -0.0036912 
table 1 4.90E-02 -0.0037579 
table 1 4.97E-02 -0.0036682 
table 1 5.03E-02 -0.0034331 
table 1 5.10E-02 -0.0031678 
table 1 5.16E-02 -0.0029807 
table 1 5.23E-02 -0.0028692 
table 1 5.29E-02 -0.0027791 
table 1 5.36E-02 -0.0026766 
table 1 5.42E-02 -0.0025656 
table 1 5.49E-02 -0.002455 
table 1 5.56E-02 -0.0023535 
table 1 5.62E-02 -0.0022697 
table 1 5.69E-02 -0.0022118 
table 1 5.75E-02 -0.0021793 
table 1 5.82E-02 -0.0021264 
table 1 5.88E-02 -0.0020079 
table 1 5.95E-02 -0.0019235 
table 1 6.01E-02 -0.0020469 
table 1 6.08E-02 -0.0022785 
table 1 6.14E-02 -0.0023695 
table 1 6.21E-02 -0.0023689 
table 1 6.27E-02 -0.0023466 
table 1 6.34E-02 -0.0022533 
table 1 6.41E-02 -0.0021175 
table 1 6.47E-02 -0.0020658 
table 1 6.54E-02 -0.0021447 
table 1 6.60E-02 -0.0022573 
table 1 6.67E-02 -0.002298 
table 1 6.73E-02 -0.0022521 
table 1 6.80E-02 -0.0022175 
table 1 6.86E-02 -0.0022843 
table 1 6.93E-02 -0.0024181 
table 1 6.99E-02 -0.0025265 
table 1 7.06E-02 -0.0025313 
table 1 7.12E-02 -0.0024719 
table 1 7.19E-02 -0.0024511 




table 1 7.32E-02 -0.0027767 
table 1 7.39E-02 -0.0028646 
table 1 7.45E-02 -0.0027722 
table 1 7.52E-02 -0.0027333 
table 1 7.58E-02 -0.0025051 
table 1 7.65E-02 -0.0021426 
table 1 7.71E-02 -0.0020671 
table 1 7.78E-02 -0.002324 
table 1 7.84E-02 -0.0023655 
table 1 7.91E-02 -0.0022824 
table 1 7.97E-02 -0.0023801 
table 1 8.04E-02 -0.0025058 
table 1 8.10E-02 -0.0026041 
table 1 8.17E-02 -0.00271 
table 1 8.24E-02 -0.0026735 
table 1 8.30E-02 -0.002833 
table 1 8.37E-02 -0.0028319 
table 1 8.43E-02 -0.0028332 
table 1 8.50E-02 -0.0028763 
table 1 8.56E-02 -0.0029721 
table 1 8.63E-02 -0.0030684 
table 1 8.69E-02 -0.0030308 
table 1 8.76E-02 -0.0029934 
table 1 8.82E-02 -0.0030203 
table 1 8.89E-02 -0.0031282 
table 1 8.95E-02 -0.0032738 
table 1 9.02E-02 -0.0032048 
table 1 9.09E-02 -0.0032032 
table 1 9.15E-02 -0.0033352 
table 1 9.22E-02 -0.0034419 
table 1 9.28E-02 -0.0035259 
table 1 9.35E-02 -0.0033239 
table 1 9.41E-02 -0.0033957 
table 1 9.48E-02 -0.0036147 
table 1 9.54E-02 -0.0035074 
table 1 9.61E-02 -0.0032773 
table 1 9.67E-02 -0.0032474 
table 1 9.74E-02 -0.003436 
table 1 9.80E-02 -0.0036812 
table 1 9.87E-02 -0.0038251 
table 1 9.93E-02 -0.0038076 
table 1 1.00E-01 -0.0037013 
 
jrc19_154.txt: 
table 1 0.00E+00 0 
table 1 6.54E-04 0.0001575 
table 1 1.31E-03 0.0004525 
table 1 1.96E-03 0.0003677 
table 1 2.61E-03 5.95E-05 
table 1 3.27E-03 0.0003964 
table 1 3.92E-03 0.0001156 
table 1 4.58E-03 -4.74E-05 
table 1 5.23E-03 0.000375 
table 1 5.88E-03 -0.0004768 
table 1 6.54E-03 -0.0009717 
table 1 7.19E-03 -0.001003 
table 1 7.84E-03 -0.0007305 
table 1 8.50E-03 -0.0006747 
table 1 9.15E-03 -0.0008942 




table 1 1.05E-02 -0.0011344 
table 1 1.11E-02 -0.0011446 
table 1 1.18E-02 -0.0010244 
table 1 1.24E-02 -0.0011627 
table 1 1.31E-02 -0.0006896 
table 1 1.37E-02 -0.0004447 
table 1 1.44E-02 -0.0005017 
table 1 1.50E-02 -0.0007277 
table 1 1.57E-02 -0.000574 
table 1 1.63E-02 -0.0005858 
table 1 1.70E-02 -0.0005819 
table 1 1.76E-02 -0.0005857 
table 1 1.83E-02 -0.0005743 
table 1 1.90E-02 -0.0002886 
table 1 1.96E-02 -0.0009826 
table 1 2.03E-02 -0.0014207 
table 1 2.09E-02 -0.001742 
table 1 2.16E-02 -0.0015308 
table 1 2.22E-02 -0.0014065 
table 1 2.29E-02 -0.0018329 
table 1 2.35E-02 -0.0022143 
table 1 2.42E-02 -0.0019076 
table 1 2.48E-02 -0.0021564 
table 1 2.55E-02 -0.0023986 
table 1 2.61E-02 -0.0023148 
table 1 2.68E-02 -0.0023434 
table 1 2.75E-02 -0.0022767 
table 1 2.81E-02 -0.002135 
table 1 2.88E-02 -0.00239 
table 1 2.94E-02 -0.0023495 
table 1 3.01E-02 -0.0022598 
table 1 3.07E-02 -0.0021783 
table 1 3.14E-02 -0.0021214 
table 1 3.20E-02 -0.0017569 
table 1 3.27E-02 -0.0009457 
table 1 3.33E-02 -0.0002797 
table 1 3.40E-02 -0.0004312 
table 1 3.46E-02 -0.0004067 
table 1 3.53E-02 -0.0009263 
table 1 3.59E-02 -0.0012756 
table 1 3.66E-02 -0.0015812 
table 1 3.73E-02 -0.0017864 
table 1 3.79E-02 -0.001878 
table 1 3.86E-02 -0.0017725 
table 1 3.92E-02 -0.0012428 
table 1 3.99E-02 -0.0015446 
table 1 4.05E-02 -0.0013523 
table 1 4.12E-02 -0.0011862 
table 1 4.18E-02 -0.0014085 
table 1 4.25E-02 -0.0017212 
table 1 4.31E-02 -0.0022167 
table 1 4.38E-02 -0.0018424 
table 1 4.44E-02 -0.001905 
table 1 4.51E-02 -0.002133 
table 1 4.58E-02 -0.0020894 
table 1 4.64E-02 -0.0018493 
table 1 4.71E-02 -0.0014681 
table 1 4.77E-02 -0.0012153 
table 1 4.84E-02 -0.0011094 




table 1 4.97E-02 -0.0008563 
table 1 5.03E-02 -0.0008798 
table 1 5.10E-02 -0.0010593 
table 1 5.16E-02 -0.0011095 
table 1 5.23E-02 -0.0008269 
table 1 5.29E-02 -0.0008274 
table 1 5.36E-02 -0.0012537 
table 1 5.42E-02 -0.0015674 
table 1 5.49E-02 -0.0014639 
table 1 5.56E-02 -0.0010976 
table 1 5.62E-02 -0.0004661 
table 1 5.69E-02 -0.0006027 
table 1 5.75E-02 -0.0003638 
table 1 5.82E-02 0.0002417 
table 1 5.88E-02 0.0003644 
table 1 5.95E-02 0.0005893 
table 1 6.01E-02 0.0003111 
table 1 6.08E-02 -0.0001958 
table 1 6.14E-02 -0.0001159 
table 1 6.21E-02 0.0002479 
table 1 6.27E-02 2.83E-05 
table 1 6.34E-02 3.62E-05 
table 1 6.41E-02 0.0004153 
table 1 6.47E-02 0.0001802 
table 1 6.54E-02 3.90E-05 
table 1 6.60E-02 6.97E-05 
table 1 6.67E-02 0.0001859 
table 1 6.73E-02 0.0001798 
table 1 6.80E-02 8.36E-05 
table 1 6.86E-02 -0.0003097 
table 1 6.93E-02 -0.0004777 
table 1 6.99E-02 -0.0005847 
table 1 7.06E-02 -0.0007842 
table 1 7.12E-02 -0.0008112 
table 1 7.19E-02 -0.0004518 
table 1 7.25E-02 -0.0013415 
table 1 7.32E-02 -0.0011644 
table 1 7.39E-02 -0.0015046 
table 1 7.45E-02 -0.0021664 
table 1 7.52E-02 -0.002047 
table 1 7.58E-02 -0.0021672 
table 1 7.65E-02 -0.0021941 
table 1 7.71E-02 -0.0023093 
table 1 7.78E-02 -0.0021634 
table 1 7.84E-02 -0.0019252 
table 1 7.91E-02 -0.0015418 
table 1 7.97E-02 -0.0008142 
table 1 8.04E-02 -0.0003369 
table 1 8.10E-02 -0.0002064 
table 1 8.17E-02 0.0006558 
table 1 8.24E-02 0.0004992 
table 1 8.30E-02 0.0009761 
table 1 8.37E-02 0.0013957 
table 1 8.43E-02 0.0010672 
table 1 8.50E-02 0.0009858 
table 1 8.56E-02 0.0012845 
table 1 8.63E-02 0.000789 
table 1 8.69E-02 0.00096 
table 1 8.76E-02 0.001087 




table 1 8.89E-02 -0.0001792 
table 1 8.95E-02 -7.14E-05 
table 1 9.02E-02 0.0001929 
table 1 9.09E-02 0.0001093 
table 1 9.15E-02 -0.0001031 
table 1 9.22E-02 -0.0002387 
table 1 9.28E-02 -0.0002954 
table 1 9.35E-02 -0.0002316 
table 1 9.41E-02 -0.0002163 
table 1 9.48E-02 -0.0003533 
table 1 9.54E-02 0.0004809 
table 1 9.61E-02 0.0002917 
table 1 9.67E-02 0.0003747 
table 1 9.74E-02 3.32E-05 
table 1 9.80E-02 0.0003897 
table 1 9.87E-02 0.0002224 
table 1 9.93E-02 0.0002445 
table 1 1.00E-01 0.0002555 
 
